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ABSTRACT 
In the last twenty years, the importance of sediment transport in the swash zone has been established. The 
disproportionately high sediment transport rates in this region make its inclusion in general nearshore models vitaL As 
part of this U.K. Natural Environmental Research Council project (grant number: NERlA/S/1999/00144), high 
frequency (8 Hz) measurements were made of the water depth and vertical variations in suspended sediment 
concentration and water velocity, using state-of-the-art instrumentation. Further measurements included nearshore and 
offshore wave conditions, tidal elevations, wave run-up limits, groundwater variations, sediment grain size 
distributions, beach slopes and changes in morphology at time-scales from minutes to weeks. Fieldwork was carried 
out on a gently-sloping (tan p - 0.03; d50 ~ 0.27 mm) and steep beach (tan p - 0.09; d50 ~ 0.55 mm). Both experience 
similar wave c1imates~ which allows a direct comparison between hydrodynamics and sediment transport in the swash 
zone. 
Swashes were shorter in duration (D), maximum water velocities (u) were higher and the width of the swash zone 
(Swidth) was less on the steep beach (D = 8 - 10 s; u = 1.5 - 2.6 m sol; Swidth = 8 - 9 m) compared to the gently-sloping 
beach (D=17- 33 s; u=1.2-1.6ms-1; Swidth = 22 - 32 m). These lead to higher peak suspended sediment 
concentrations (C) on the steep beach (C, ~ 198 kg m-', s.d. 42 kg m-'; C b ~ 85 kg m-', s.d. 56 kg m -') than on the 
gently-sloping beach (C, ~ 124 kg m-', s.d. 62; Cb~ 60 kg m-', s.d. 38), where the subscripts u and b denote uprushes 
and backwashes respectively. The resulting vertically-integrated onshore (subscript on) and offshore (subscript off) dry 
mass suspended sediment transport during individual uprushes and backwashes was greater on the steep beach 
(Qo, ~ 42 kg m-I, s.d. 11 kg m-I; QojI~ 25 kg m-I, s.d. 13 kg m-I) than on the gently-sloping beach (Qo, ~ 26 kg m-I, 
s.d. 7 kg m-i; Qoff= 21 kg mOl, s.d. 11 kg mol). Water motions in the swash zone of the steep beach were at incident 
frequencies (T= 10 -13 s), whilst on the gently-sloping beach they were at infragravity frequencies (T= 30 - 80 s). The 
greater number of swashes per tide on the steep beach caused gross and net sediment transport to be higher. As a result. 
the mean change in beach morphology between tides was also greater on the steep beach (& = 2.0 cm, s.d. 1.2 cm) than 
on the gently-sloping beach (Llz ~ 1.0 cm, s.d. 0.5 cm). 
Bed shear stresses (Tb) were determined using water velocity profiles. Mean bed shear stresses during uprushes were 
greater than during backwashes on both the steep (Tb M ~ 18.2 N m-', s.d. 9.4 N m-'; Tb (b) ~ 12.9 N m-', s.d. 11.3 N m-') 
and gently-sloping beach (Tb (u) = 13.8 N m-2• s.d. 5.5 N m02; Tb (b) = 5.2 N m-2, s.d. 1.6 N m02). This caused uprushes to 
be relatively more efficient at suspending sediment. Furthennore, mean bed shear stresses on the steep beach were 
greater than on the gently-sloping beach, which contributes to the higher vertically-integrated suspended sediment 
transport rates on the fonner. 
Nielsen's (1979) sediment diffusion model, C(z) = CQe-ZII, can be used to describe the exponential decrease in 
suspended sediment concentration towards the bed in the swash zone, where Co is the bed reference concentration, Is is 
the mixing length and z is the elevation above the bed. As with suspended sediment concentrations, bed reference 
concentrations were greater during uprushes. and relatively higher on the steep 
beach (Co M ~ 249 kg m-', s.d. 97 kg m>'; Co~) ~ 219 kg m-', s.d. 122 kg m>') compared to the gently-sloping beach 
(Co (u) = 89 kg m·3, s.d. 27 kg m"3; Co (b) = 65 kg m'), s .d. 26 kg m'\ Mixing lengths were also greater during uprushes, 
and relatively higher on the steep beach (Is (zI) = 4.9 cm, s.d. 1.6 cm; Is (b) = 2.6 cm, s.d. 0.2 cm) than on the gently-
sloping beach (Is (u) = 3.4 cm, s.d. 0.3 cm; Is (b) = 2.4 cm, s.d. 0.4 cm). Bore-generated turbulence may cause the 
variations in mixing lengths observed, by increasing the eddy viscosity of water during uprushes. 
Swash zone sediment transport can be modelled using an instantaneous water velocity-cubed model of the fonn 
J(p)= ku3, where J(p) is the vertically-integrated immersed weight sediment transport rate and k is a calibration 
coefficient. This model predicted net onshore sediment transport into the swash zone to within 30 kg rn" tide-I of that 
measured by surveying on the gently-sloping beach. On the steep beach however, net sediment transport predictions 
were worse, with even the direction of net sediment transport being poorly predicted. This was caused by measurement 
errors due to slight changes in bed elevation at the swash station and saturation of the OBS at the st~rt of uprushes being 
more significant on the steep beach, as well as the non-inclusion in the model of processes such as bore-generated 
turbulence. Furthellhore, on both beaches, the measured sediment transport at the swash station was offshore. whilst 
the predicted sediment transport was onshore. This highlights the importance of errors when detemining small net 
sediment transport from large gross sediment transport measurements. 
Keywords: Swash zone; field measurements; water velocity profiles; shear velocity; bed shear stress; suspended 
sediment concentration profiles; sediment diffusion model; water velocity-cubed model. 
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CHAPTER 1: INTRODUCTION 
1.1 Why are coasts important? 
In the United Kingdom over twenty-six million people live in major urban areas in the 
coastal zone. Thirty-one percent of the coast is developed, forty percent of 
manufacturing industry is located in these areas and fifty-seven percent of the most 
productive agricultural land lies below five metres above sea-level (White, 1990; DoE, 
1996). In 1995, the Inter-Governmental Panel on Climate Change suggested that the 
global temperature is likely to increase by 1°C to 3.5°C by 2100. Models predict that 
this corresponds to rise in sea-level of up to one metre. Furthermore, there is likely to be 
an increase in the incidence of storms and hurricanes, caused partly by the warming of 
the ocean's surface (e.g., Russell, 1993). As a result housing, industry, tourism and 
agricultural land in coastal areas will be increasingly at risk from flood inundation in the 
future. Thus, our coasts require increased protection for socio-economic reasons. 
Coasts can be protected using hard (e.g., breakwaters, barrages, groynes, seawalls and 
flood embankments) and soft (e.g., beach nourishment, beach de-watering, managed 
retreat and dune building) engineering techniques. Over seven hundred thousand 
hectares of land, which lie below five metres above sea level, are already protected by 
sea-defences in the United Kingdom. This is equivalent to thirty-three percent of the 
coastline (Parry & Duncan, 1995). The decision on whether to protect a coastline is 
based on cost-benefit analysis. If the value of the area exceeds the cost of the defences, 
then protection is afforded. This represents a huge expenditure to the government. For 
example, the cost of protecting the entire central southern coast of England would be 
around £5,745 million pounds (Ball et al., 1991). 
1.2 What is the swash zone and why is it important? 
The swash zone is the portion of the beach that is periodically covered by uprushes 
(onshore water motions) and uncovered by backwashes (offshore water motions). The 
beach morphology in this region rapidly responds to changing hydrodynamic conditions 
(e.g., Puleo et al., 2000). Water velocities (up to ~ 2 m s'\ suspended sediment 
concentrations (up to ~ 200 kg m·3) and turbulence levels are all high in the swash zone 
(e.g., Osborne & Rooker, 1999). This leads to disproportionately high sediment transport 
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rates of up to an order of magnitude greater than in the surf zone (e. g., Beach & 
Sternberg, 1991). 
On steep beaches and those subject to small tidal ranges, the swash zone occupies only 
the upper part of the beach. However, on gently sloping beaches and those with large 
tidal ranges, the swash zone migrates up and down the beach with the tide. The profiles 
of beaches with large and small tidal ranges are significantly different (e.g., Masselink & 
Short, 1993). Simple models suggest that swash zone processes control erosion and 
accretion on beaches and thus the development of beach profiles (e.g., Foote et al., 1994; 
Fisher & O'Hare, 1997). The swash zone has only received modest attention to date. 
However, in the last five years there has been a strong resurgence in swash zone research. 
This has been driven by the need to fully understand swash hydrodynamics and sediment 
transport processes, since this ultimately controls the morphological evolution of beaches 
(e.g., Hughes, 1992; Butt & Russell, 1999; Osborne & Rooker, 1999). 
A range of nearshore sediment transport models has been developed to predict coastal 
evolution and flood risk. The capabilities of these models vary widely. There is no 
consensus as to which is most appropriate (e.g., Schoonees & Theron, 1995). These 
models are generally used to predict shoreline change when particular wave conditions 
are imposed. This helps engineers decide on the most appropriate defense methods to 
use at a particular location. Existing models largely neglect or drastically simplify swash 
hydrodynamics (e.g. Hamm et al., 1993). The complete inclusion of the swash zone in 
these models is crucial (e.g. Butt & Russell, 2000), since this is likely to lead to 
substantially improved predictions of the morphological development of beaches (e.g., 
Kobayashi et al., 1988; Huntleyet al. 1993). 
To improve the performance of nearshore sediment transport models further swash zone 
field data are required (e.g., Masselink & Hughes, 1998). However, until recently, such 
measurements in the swash zone were considered prohibitively difficult to make. In 
particular, the intermittent wetting and drying of sensors, shallow water depths, high flow 
velocities and rapidly oscillating bi-directional flows have made measurements 
challenging (e.g., Foote & Horn, 1999; Butt & Russell, 2000). Recent technological 
developments have enabled the collection of high-quality in-situ data of swash 
hydrodynamics and sediment transport (e.g., Butt & Russell, 1999; Puleo et al., 2000). 
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This project forms part of the thrust towards gaining a clearer understanding of swash 
zone hydrodynamics and sediment transport. 
The physical processes that control swash zone sediment transport are not the same as in 
the surf zone. This has inhibited the direct application of existing surf zone models to the 
swash zone. Furthermore, uprushes and backwashes are not simply reverse processes. 
Uprushes are decelerating flows with sediment transported as both bedload and 
suspended load. Backwashes are accelerating flows with sediment transport occurring 
predominantly as sheet flow (e.g., Masselink and Hughes, 1998). It remains unclear the 
extent to which different processes (e.g., shear stress, turbulence and groundwater 
interactions) affect swash zone sediment transport (e.g., Turner & Nielsen, 1997; Turner 
and Masselink, 1998; Butt et al., 2001). This should be established before any further 
modelling is carried out, or the models developed have no basis. Despite the 
encouraging results of initial studies, modelling swash zone sediment transport (even 
qualitatively) has remained beyond the state-of-the-art. 
1.3 Project outline 
The Natural Environmental Research Council (U.K.) funded a study into the role of 
swash on shoreline change (grant number: NERJAlS/1999/00144). This project involved 
a three-year collaboration between the University of Plymouth and Loughborough 
University. The ultimate goals of this project were to improve our general understanding 
of the physical mechanisms that control sediment movements in the swash zone and to 
eventually allow the swash zone to be successfully incorporated into general nearshore 
sediment transport models. The main project objectives were: 
I. Establish the applicability of existing nearshore sediment transport models in the 
swash zone. 
2. Investigate the nature of swash hydrodynamics and sediment transport on steep 
and gently-sloping beaches. 
3. Modify existing nearshore sediment transport models to account for swash 
processes. 
4. Investigate the development and destruction of cuspate morphology. 
This project employed one principal investigator (Dr Paul Russell), two co-investigators 
(Dr Gerd Masselink and Prof. David Huntley), two post-doctoral researchers (Dr Ion 
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Miles and Dr Tony Butt), one field technician (Mr Peter Ganderton) and one 
Postgraduate (Mr Darren Evans). 
1.4 Aims and objectives 
The specific aims and objectives of this thesis are to: 
1. Compare and contrast swash on steep and gently-sloping beaches. 
2. Investigate swash hydrodynamics and sediment transport, with particular 
emphasis on variations in water velocity and suspended sediment concentrations 
with elevation above the bed. 
3. Develop a model capable of predicting morphological changes in the swash zone. 
This thesis is structured towards fulfilling these goals, thus contributing to the objectives 
of the larger project. After a comprehensive review of the existing literature (Chapter 2, 
pg. 5), niches are identified and investigated in greater detail. The data collection 
methods are summarised (Chapter 3, pg. 35), before a general comparison between beach 
characteristics is carried out (Chapter 4, pg. 53). Preliminary analysis of the 
hydrodynamic and suspended sediment concentration time series in both the time and 
frequency domain is presented (Chapter 5, pg. 78). A detailed analysis of 
hydrodynamics and sediment transport is then conducted, and instantaneous vertically-
integrated suspended sediment transport rates are established using the variations in 
water velocity and suspended sediment concentration with elevation above the bed 
(Chapter 6, pg. 97). Using these data, an empirical swash zone sediment transport model 
is developed and tested on a steep and gently-sloping beach (Chapter 7, pg. 131). The 
results ofthis study are then discussed (Chapter 8, pg. 158) and the main conclusions are 
drawn (Chapter 9, pg. 177). 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
In this chapter a comprehensive literature review of general beach characteristics and the 
swash zone is presented. The aim of this chapter is to identify gaps in our knowledge of 
hydrodynamics and sediment transport in the swash zone. It begins by placing this study 
in context by considering the wider coastal environment (section 2.2, pg. 5). The general 
characteristics of swashes are then investigated in both the time and frequency domains 
(section 2.3, pg. 9). Our current understanding of swash hydrodynamics including 
variations in the water velocity, bed shear stress, turbulence and groundwater effects are 
then summarised (section 2.4, pg. 15). Swash zone sediment transport is then addressed 
(section 2.5, pg. 23). This includes consideration of suspended sediment concentration 
profiles, the sediment diffusion model of Nielsen (1979) and the quantification of 
sediment transport at time scales from instantaneous measurements to entire tides. The 
model of Bagnold (1963), which has been commonly applied in the swash zone, is 
described in section 2.6 (pg. 30). Le Systeme international d'Unites (i.e., SI units) are 
used throughout this study unless otherwise stated. Any reference to 'swash' refers to 
the cycle of an uprush followed by a backwash. 
2.2 Beach characteristics 
Komar (1998) defined the region just beyond wave breaking to the shoreline as the 
nearshore. He then sub-divided this into the breaker, surf and swash zones (Figure 2.1, 
pg. 6). In the breaker zone waves become unstable and break. The surf zone is the 
region further onshore in which bores propagate after wave breaking. The swash zone is 
then 'the portion of the nearshore region where the beach face is alternately covered by 
the run-up of up rushes and exposed by backwashes' (e.g., Komar, 1998). 
A beach is an accumulation of unconsolidated sediment (sand, gravel, cobbles or 
boulders). It extends from the mean low tide level to some physiographic change such as 
a sea-cliff, dune field or the point where permanent vegetation is established (Komar, 
1998). Beaches have different characteristics depending on factors including their slope, 
grain size and the wave environment experienced. 
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Figure 2.1,' Definition of coastal regions including the breaker. surf and swash zones (from 
Komar, 1998). 
Wright & Short (1983) developed a widely used beach classification system. Using their 
methods, beaches are termed dissipative, intermediate or reflective. Their system 
depends on both beach slope and wave conditions. This is commonly quantified using 
the surf scaling parameter (SSP), first used by Guza & Bowen (1976), given by Equation 
2.1. 
(2.1) 
where H1I3 (m) and T1I3 (s) are the significant breaker height and period, tan 13 is the 
beach slope and g (m S·2) is the acceleration due to gravity (assumed to be 9.8 m S·2). 
Beaches are classified as dissipative if SSP > 20 and reflective if SSP < 2.5. Between 
these values beaches are termed intermediate. The beach type substantially affects swash 
zone hydrodynamics and sediment transport (e.g., Masselink & Hughes, 1998; Osbome 
& Rooker, 1999). 
Wave breaking occurs by spilling, plunging or surging (e.g., Komar 1998). Spilling 
breakers generally occur on dissipative beaches where waves are steep. Each wave 
gradually peaks until its crest becomes unstable. They then cascade down as bubbles 
and foam. Plunging breakers are generally observed on intermediate beaches where the 
wave steepness is lower. These waves become vertical, then curl over and plunge 
downwards and forwards as an intact mass of water. Surging breakers generally occur 
on reflective beaches with low wave steepness. These waves rise as if they will plunge, 
but then their bases surge up the beach causing their crests to collapse and disappear 
(e.g., Komar, 1998). The type of waves experienced is related to the surf scaling 
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parameter. As the surf scaling parameter increases waves progress from surging to 
spilling breakers. The breaker type has important affects on swash zone hydrodynamics 
and sediment transport. Raubenheimer & Elgar (in press) suggest that bores from 
spilling breakers are undulating (i.e., they push a wedge of water beneath them), whereas 
plunging breakers generate fully-developed bores (i.e. they overturn). However, 
turbulence measurements in the swash are rare and this has not been demonstrated 
conclusively. 
The incident frequency wave energy level in the surf zone has an upper limit. This is 
caused by wave energy saturation in the surf zone. Guza & Thornton (1982) showed 
(using spectral analysis) that in the swash zone, energy at incident frequencies is 
independent of the offshore wave height, but energy at infragravity frequencies is 
proportional to the offshore wave height. The degree of surf zone saturation is related to 
the beach slope (e.g., Guza et al., 1984). This directly affects swash zone hydrodynamics 
and sediment transport (e.g., Butt & Russell, 1999). On gently-sloping beaches, surf 
zone saturation is common, leading to the dominance of infragravity frequency water 
motions and sediment transport (Tl/3~ 15 - 30 s) in the swash zone (e.g., Holman, 1981; 
Wright, 1982). On steep beaches, surf zone saturation is rare, so both incident and 
infragravity frequency water motions and sediment transport are observed in the swash 
zone (Tl/3~ 5 - 15 s) (e.g., Holman, 1981; Wright, 1982). 
Tides are primarily caused by the interaction of the moon and the sun with the Earth. In 
the United Kingdom tides are semi-diurnal, with a period of around twelve and a half 
hours. Typically, in the United Kingdom, tides are macro-tidal (i.e., the tidal range is 
between 4 m and 6 m). The variation in the vertical extent of tides varies through the 
lunar month. Spring tides occur (twice a month) when the moon, sun and Earth are in 
alignment. At this time, tidal ranges are greatest varying between Mean High Water 
Spring (MHWS) and Mean Low Water Spring (MLWS) elevations. Neap tides occur 
(also twice a month) when the moon and sun are at right angles to the Earth. The 
variation in tidal levels is least at this time, residing between Mean High Water Neap 
(MHWN) and Mean Low Water Neap (MLWN) elevations (e.g., Komar, 1998). Tides 
cause the swash and surf zones to migrate up and down the beach periodically. The 
spring-neap cycle affects the time over which swash acts on a particular part of the beach 
during a tidal cycle. Furthermore, beach slope tends to decrease moving offshore (e.g., 
Komar, 1998). As a result, tides also affect swash zone sediment transport. 
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The still water level, SWL (m) is the elevation of the sea surface in the absence of waves. 
This also moves up and down the beach with the rising and falling of tides. Nielsen 
(1988) proposed that in practice the still water level could be taken as the mean water 
level, MWL (m) at an infinite water depth. When the observed local sea-surface 
elevation is averaged over periods between minutes and several hours the local mean 
water level is obtained. The resulting time series gives the variation in the Mean Water 
Surface, MWS (m). The instantaneous position of the water's edge on the beach face is 
known as the waterline. The intersection of the mean water surface with the beach face 
is known as the shoreline (Figure 2.2). 
MWS 
Shore line 
Water line 
=~--=--
SWL 
Figure 2.2: Schematic representation of the still water level (SWL), mean water suiface (MWS). 
wave set-up (wJ. shoreline and waterline on an impermeable beach (adaptedfrom Komar, 
1998). 
The local super-elevation of the mean water surface above the still water level is known 
as the local wave set-up, W, (m). The radiation stress of incoming waves causes wave 
set-up and set-down (Longuet-Higgins & Stewart, 1964; 1983). Super-imposed on this is 
wave rnn-up, Wr (m). The wave rnn-up is the vertical extent of swash zone water 
oscillations, at both infragravity and incident frequencies. Guza & Thomton (1982) 
showed on their gently-sloping beach that swash excursions occur predominantly at 
infragravity frequencies. These authors suggested that the wave rnn-up is related to the 
offshore wave height, Hoo (m) by Equation 2.2 .. 
(2.2) 
2.3 General swash characteristics 
Studies investigating swash zone flow hydrodynamics and sediment transport have been 
carried out on both gently-sloping (e.g., Osbome & Rooker, 1998, 1999; Butt & Russell, 
1999) and steep beaches (e.g., Baldock et aI., 1997; Hughes et al., 1997; Hughes et al., 
1998; Masselink & Hughes; 1998; Puleo, 1998; Baldock & Holmes, 1999; Puleo et al., 
2000). At present, studies on steep beach faces are more numerous. In the following 
sections, the general characteristics of flow hydrodynamics and sediment transport in the 
swash zone are described. 
2.3.1 Time series 
Technological developments have made the collection of high frequency swash zone data 
possible (e.g., Butt & Russell, 1999; Osbome & Rooker, 1999; Puleo et al., 2000). 
These data sets normally include measurements of the cross-shore water velocity, 
u (m s·\ along-shore water velocity, v (m S·l), water depth, h (m) and suspended 
sediment concentration, C (kg m·3). The analogue signal from the sensors is converted 
into a digital output. After calibration, time series of these properties are available for 
analysis. Potentially, these data can then be used to determine further time series such as 
the variation in turbulent kinetic energy and the variation with depth of the water 
velocity, suspended sediment concentration and sediment transport rate. 
Osbome & Rooker (1999) made high frequency swash zone measurements on a gently-
sloping beach (tan ~ ~ 0.03) in New Zealand. These authors used a 3-dimensional 
acoustic Doppler velociometer (ADf'), a capacitance wire and three optical backscatter 
sensors (DBS) to measure the water velocities, water depths and suspended sediment 
concentrations respectively. A section of their time series is shown in Figure 2.3. 
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Figure 2.3: Time series of (a) suspended sediment concentration (C), (b) turbulent kinetic energy 
(TKE), (c) water depth (h) and (d) cross-shore water velocity (u) (from Osborne & Rooker, 
1999). 
These time series are typical of those reported in the literature (e.g., Masselink & 
Hughes, 1998; Puleo et al., 2000). Close to the start of uprushes the water velocity, 
water depth, suspended sediment concentration and turbulent kinetic energy, 
TKE (N m·2) increase rapidly to their maxima (u ~ 2 m S·l, h = 30 cm, C ~ 150 kg m·) and 
TKE = 55000 N m·2). The water depth steadily falls throughout the swash cycle, 
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reaching zero at the end of backwashes. The water velocity, suspended sediment 
concentration and turbulent kinetic energy decrease to close to zero at the end of 
uprushes. After flow reversal the water velocity, turbulent kinetic energy and suspended 
sediment concentration steadily increase. In the study of Osbome & Rooker (1999), they 
did not reach the same levels as during uprushes (u ~ 1.7 ms-I, C ~ 80 kg m-3 and 
TKE ~ 25000 N m-2). Masselink & Hughes (1998) found that uprushes were shorter in 
duration than backwashes. A close inspection of these time series shows that Osbome & 
Rooker (1999) found similar trends. 
2.3.2 Spectral analysis 
Time series can be converted into the frequency domain using spectral analysis. This has 
debatable validity in the swash zone, because the time series are discontinuous and the 
water velocity has a saw-tooth shape (e.g., Hegge & Masselink, 1996; Butt & Russell, 
1999). Nonetheless, spectral analysis has been used in the swash zone by previous 
authors (e.g., Butt, 1999; Osbome & Rooker, 1999) and by numerous investigators in the 
surf zone (e.g., Guza & Thomton, 1982; Kinsman, 1984; Holman & Sallenger, 1985; 
Hardisty, 1993). 
Spectral analysis involves applying a fast Fourier transform to time senes (e.g., 
Oppenheim and Schafer, 1975). The relative contribution of different frequencies in the 
time series can then be assessed. Modem fast Fourier transforms are robust, 
computationally efficient and yield reliable results (Hegge & Masselink, 1996). The fast 
Fourier transform allows the time series to be represented as a series of sine and cosine 
curves whose frequencies are multiples of what is termed the bin width b (Hz). The bin 
width is given by b = f / N, where N is the number of data points in the time series and 
f(Hz) is the measurement frequency. The highest frequency that can be resolved using a 
fast Fourier transform is known as the Nyquist frequency. This is around half the 
frequency of measurements made in the time series. Outputs from spectral analysis 
include auto-spectra, coherence-squared, phase and co-spectra. 
The integral of an auto-spectrum in a frequency band is equal to the power of the signal 
in that band (Parseval's relation). The power spectrum, P(k) of a signal is the magnitude-
squared of the fast Fourier transform of that signal in the band. A plot showing the 
power spectrum in each band is known as an auto-spectrum. Prior to analysis the time 
series are divided into a number of equal-length segments. A tapered 'window' is then 
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applied to ensure that the data at the ends of each segment reduce to zero. The size of the 
window should be carefully chosen, so that an optimum compromise is achieved between 
confidence and frequency resolution (e.g., Butt, 1999). For a fixed number of points, the 
near-maximum reduction in variance is achieved by overlapping windows by 50%. The 
power spectrums of each segment are then computed and an average determined (Welch, 
1967). For a window length of S, the frequency resolution, RI (Hz) is given by 
RI = 2f / S. The frequency resolution should be set below the lowest frequency of 
interest in the time series. In order to aid the visual identification of peaks in the auto-
spectrum, interpolating between data can be used to increase the number of data points in 
the auto-spectrum. However, this does not improve the frequency resolution. The auto-
spectrum allows the dominant frequency to be determined for each variable. 
The degrees of freedom, y gives the confidence of the spectral estimates. When windows 
are overlapped by 50%, the number of degrees of freedom is roughly twice the number of 
segments. The actual number of degrees of freedom is slightly less than this value, 
because the segments are not independent. The calculation of the exact number of 
degrees offreedom is not trivial, since it involves consideration of both the taper function 
used and the amount of overlap (e.g., Hegge & Masselink, 1996). 
A confidence limit, C2Um should be set for the coherence-squared estimates. The 
confidence limit indicates whether the peaks present are real or due to chance. When the 
confidence is lower than this limit, cross-spectral estimates should be assumed to be 
unreliable. The confidence limit can be determined using Equation 2.3 (Thompson, 
1979). 
C 2 . - I e){O.5r-l) hm - - (2.3) 
where _ is the significance level (i. e., for 95% confidence, _ = 0.05). When large 
fluctuations in the cross-shore water velocity and suspended sediment concentration are 
coincident, sediment is liable to be transported (Huntley & Hanes, 1987). The cross-
spectrum is the fast Fourier transform of one signal multiplied by the complex conjugate 
of the other. The cross-spectrum is the integral over a frequency band of these 
components. The co-spectrum is the real part of a cross-spectrum. This can be used to 
assess the contribution of sediment transport due to the fluctuating components of the 
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cross-shore water velocity and suspended sediment concentration. Figure 2.4 shows the 
results of spectral analysis carried out by Osborne & Rooker (\999) in the swash zone. 
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Figure 2.4: Spectral analysis showing auto-spectra of (a) cross-shore water velocity (m s -I) and 
(b) suspended sediment concentration (kg m-3). (c) coherence-squared. (d) phase (degrees) and 
(e) the co-spectrum (kg m-2 S-I) (from Osborne & Rooker, 1999). 
The spectra are dominated by peaks in the infragravity frequency band with periods 
around T ~ 30 s. The cross-shore water velocity and suspended sediment concentration 
were coherent (i.e., coherence-squared> 0.3) in a narrow infragravity frequency band 
(i.e., below f = 0.04 Hz). Both onshore and offshore sediment transport occurred at these 
frequencies. Offshore sediment transport was at a slightly lower frequency if ~ 0.02 Hz) 
than onshore sediment transport if ~ 0.03 Hz). The phase spectrum shows that peaks in 
suspended sediment concentrations lead maximum cross-shore water velocities by 
around 90° at these frequencies. The beach used by Osborne & Rooker (1999) can be 
classified as dissipative, explaining the dominance of infragravity-scale sediment 
transport (e.g., Guza et al., 1984). Butt & Russell (1999) also suggest that sediment is 
transported offshore at infragravity frequencies in the swash zone. If undertow is present 
(i.e., in the deeper parts of the swash zone or inner surf zone), then the trough of the 
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infragravity wave leads to higher water velocities (and sediment suspension) than the 
crest of the infragravity wave where no undertow is present. 
2.3.3 Ensemble-averaging 
Ensemble-averaging is a powerful tool that can be used to investigate time series with 
discrete events (such as uprushes and backwashes). Events are normalised by time so 
that zero represents the start of the event and one its termination. This is repeated for a 
number of events. If the data are then interpolated to regular intervals, they can be 
'stacked' on top of one another to give the mean trend and associated standard deviation. 
The main advantage of ensemble-averaging is that it reveals general trends in the data 
sets. The main disadvantage is that irregular swashes can have a disproportionately large 
affect on the general trends and important features not always present may be smoothed 
out. The results of the ensemble-averaging carried out by Osbome & Rooker (1999) is 
presented in Figure 2.5, where t (s) is time and D (s) is the swash duration. 
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Figure 2.5: Ensemble-average of (a) water depth (h), (b) cross-shore water velocity (u), (c) 
suspended sediment concentration (e) and (d) sediment transport rate (uc) (from Osborne & 
Rooker, J 999). 
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General trends in the time series (section 2.3.1, pg. 9) are also seen in the ensemble-
averages. The magnitude of the water velocity and suspended sediment concentration 
appear to be related. It is noted in passing that these ensemble-averages are not smooth, 
despite over fifty swashes being used. This indicates that an insufficient number of 
swashes were selected at this field site. For example, it seems improbable that the water 
depth would suddenly increase by 10 cm at flow reversal. 
2.4 Hydrodynamics 
2.4.1 Water velocity 
The boundary layer is the region below the free-stream where the water velocity is 
affected by the bed. A knowledge of the shape of boundary layer profiles is important 
because: (i) they give the near-bottom water velocity profiles, where suspended sediment 
concentrations and sediment transport rates are greatest (e.g., Puleo et al., 2000) and 
(ii) they govern the bed shear stresses, which in turn entrain sediment (e.g., Wright, 
1995). When a vertically-invariant water velocity profile is assumed, sediment transport 
measurements are likely to be erroneous, because the water velocity decreases towards 
the bed (e.g., Puleo et al., 2000). It has been demonstrated recently that the water 
velocity in the swash zone increases logarithmically between at least z = 0.1 cm and 
z = 8 cm above the bed (e.g., Cox et al., 2000; Petti & Longo, 2001; Cowen et al., 2002; 
Raubenheimer & Elgar, in press). In oscillatory boundary layers, such as the swash 
zone, flows are normally considered to be rough-turbulent (e.g., Cox et aI., 1996). In 
these circumstances, the well-known 'law of the wall' (Equation 2.4) can be used to 
define the variation in water velocity with elevation above the bed. 
u(z) =~ln~ (2.4) 
u.. K Zo 
where z (m) is the elevation above the bed, Zo (m) is the hydraulic roughness length, 
u. (m S·I) is the shear velocity and K is von Karman's constant (K= 0.408 ± 0.004). 
When the water velocity profile is extrapolated, Zo is the intercept at which u(z) = 0 m S·I. 
Equation 2.4 applies within the near-bed region that is both well below the free-stream 
and above the local influence of the individual bed roughness elements (e.g., Wilcock, 
1996). Over flat beds, the bed roughness is usually assumed to be around two and a half 
times the median sediment grain diameter (e.g., Black et al., 1995). 
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Measurements of boundary layer profiles in the swash zone are rare, particularly in the 
field. The only study in which the variation in water velocity with elevation above the 
bed has been measured in the field is the still unpublished Raubenheimer & Elgar (in 
press). Particle image velocimetry (PIV) cannot be used in the field swash zone due to 
the high quantities of sediment present. However, in the laboratory sediment need not be 
added. This has made the use of P IV in the laboratory swash zone to measure vertical 
variations in water velocity profiles feasible. Cowen et al. (2002) used PIV techniques 
to determine the temporal variation in water velocity profiles in the laboratory swash 
zone (in the case of plunging and spilling breakers). These authors normalised time 
relative to the duration of swashes, then divided the results into fifteen equally spaced 
profiles between the start of uprushes (t = 0) and the end of backwashes (t = 14). The 
results of their study are presented in Figure 2.6. 
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Figure 2.6: Temporal variation in water velocity profiles during swash cycles in the laboratory 
for (a) spilling and (b) plunging breakers (from Cowen et al., 2002). 
Cowen et al. (2002) demonstrated a number of interesting points regarding the vertical 
variation in the water velocity in the laboratory swash zone below z = 1.5 cm: (i) the 
water velocity decreases towards the bed, (ii) the water velocity profile shape is similar 
throughout the majority of up rushes and backwashes, (iii) at flow reversal, the flow close 
to the bed moves offshore before the flow higher up the water column, (iv) the water 
velocity profile before t = 1 is complex and (v) the water velocity profile is relatively 
insensitive to wave breaker type. Despite these advances in the laboratory, the shape of 
water velocity profiles in the field swash zone remains poorly understood. 
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2.4.2 Bed shear stress 
The origins of bed shear stress are well documented (e.g., Pethick, 1984). Consider a 
mass of water moving over an immobile bed. When the flow is laminar, the mass of 
water can be divided into layers. At the bed the water velocity must reach zero, since 
water cannot slip over an immobile bed. When the bed is mobile, the water velocity 
must be zero at the bottom of the active layer. In either case, this sets up a boundary 
layer. The layers of water in the boundary layer pass over each other. The resistance to 
the flow due to the bed is transmitted upwards. This causes the water velocity to increase 
moving away from the bed. This resistance generates an equal and opposite force 
applied by the flow to the bed, known as the bed shear stress, Tb (N m·2). In laminar 
flows, the bed shear stress is directly related to the water velocity distribution in the 
boundary layer and the water viscosity. 
In turbulent flow regimes, the transmission of momentum through the boundary layer is 
more efficient. Under these conditions, momentum is transferred between successive 
layers of water by turbulent eddies (e.g., Versteeg & Malalasekera, 1995). The resistance 
to the shear due to these eddies causes the apparent water viscosity to increase. When the 
eddy viscosity is depth-dependent, the water velocity at each depth can be related to the 
bed shear stress experimentally. The bed shear stress can then be approximated using the 
shear velocity using Equation 2.5. 
(2.5) 
where pw (kg m'}) is the density of water. In order to establish the shear velocity, a 
number of measurements are required in the water velocity profile. The shear velocity 
can then be determined using Equation 2.6. 
1 du 
u. =---
/( d lnz (2.6) 
Alternatively, the bed shear stress can be approximated using a single water velocity 
measurement in the free-stream via a friction coefficient, /w using Equation 2.7 (e.g., 
Jonsson, 1966; Kamphius, 1975; Puleo & Holland, 2001). 
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(2.7) 
Recently, there has been increased interest in the measurement of bed shear stress in both 
the surf and swash zones (e.g., Hughes, 1995; Cox et aI., 1996; Wilcock, 1996; Puleo & 
Holland, 2001; Nielsen, 2002; Conley & Griffin, in press). This research is derived from 
the need to understand the forces, which entrain and transport sediment. Conley & 
Griffin (in press) measured bed shear stresses directly in the field using hot film shear 
stress sensors. The ensemble-averaged (normalised by swash duration) variation in bed 
shear stress determined by these authors is presented in Figure 2.7. 
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Figure 2.7: Ensemble-average of the bed shear stress against time normalised by the swash 
duration (adaptedfrom Contey & Griffin, inpress). 
The bed shear stress rapidly increases at the start of up rushes, reaching rb = 3.0 N m·2 by 
t / D = 0.1. It then decreases steadily back to zero at flow reversal. During backwashes, 
the bed shear stress increases steadily until around t / D = 0.75. The maximum bed shear 
stress during backwashes (rb = 1.5 N m'2) is around half that during uprushes. At the end 
of back washes the bed shear stress decreases steadily back to zero. Conley & Griffin (in 
press) ascribe the relatively lower bed shear stresses during backwashes to the affects of 
net infiltration. If the bed shear stress were the dominant mechanism controlling swash 
zone sediment transport, this would explain why the calibration coefficients of Bagnold's 
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model (1963) (section 2.6.\, pg. 31) are higher during uprushes than backwashes (e.g., 
Masselink & Hughes, 1998). 
2.4.3 Turbulence 
Turbulence has a significant effect on sediment transport, since it effectively stirs the 
sediment, which aids suspension. Puleo et al. (2000) showed on their steep beach that 
sediment transport during uprushes is significantly increased by bore-generated 
turbulence, which spreads turbulence downwards towards the bed. Petti & Longo (2001) 
suggest that a complete investigation of swash zone flow hydrodynamics requires the 
analysis and quantification of turbulence. Basic and in-depth reviews of the properties of 
laminar and turbulent flows are given by Pethick (1984) and Versteeg & Malalasekera 
(1995) respectively, which are now briefly summarised. Previous studies on turbulence 
in the swash and surf zones include those of Huntley (1988), George et al. (1994), Puleo 
et al. (2000), Petti & Longo (2001) and Longo et al. (2002). Flow turbulence can be 
quantified using the Reynolds number, given by Equation 2.8. 
R = Pw uh 
, v (2.8) 
Laminar flows occur when the Reynolds number is less than around Re = 500. Under 
these conditions the flow is steady (providing the boundary conditions do not change) 
and smooth, with adjacent fluid layers sliding over one another without disturbance. As 
the Reynolds number increases (i.e., Re = 500 - 2000), the flow becomes transitional 
between laminar and turbulent. At higher Reynolds numbers, the flow becomes turbulent 
(i.e., Re = 2500 - 3500) (e.g., Huntley, 1988). In turbulent flows, the water motion 
becomes increasingly random and chaotic. Consequently, the water velocity and 
pressures within the flow change continuously with time. Turbulent flows are always 
3-dimensional, even if pressures and water velocities only vary in one or two directions. 
Rotational flow structures, known as turbulent eddies, are observed in turbulent flows. 
Eddies are capable of moving fluid particles large distances efficiently exchanging heat, 
mass and momentum. 
Assuming that mean flows in the swash zone are zero, the flow velocity (i.e., u, v and w) 
can be divided into oscillatory (11 , v and IV) and fluctuating components ( u " v' and w), 
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where u = 11 + u', v = V + v' and w = W + w'. The turbulent kinetic energy density is then 
given by Equation 2.9 (e.g., Osborne & Rooker, 1999). 
1 Vz - -, TKE=-p ,Z +v'z +W'2 2 W ) (2.9) 
2.4.4 Watertable and infiltration 
The beach watertable is the equilibrium surface at which the pore water pressure beneath 
the bed is equal to atmospheric pressure (e.g., Turner, 1993b; Horn, 2002). The 
watertable rises and falls at tidal frequencies as swash passes over the beach face (e.g., 
Turner et al., 1997). This causes a horizontal mass movement into and out of the bed 
(e.g., Nielsen, 1990). The elevation and extent where wave run-up, infiltration and 
groundwater seepage occurs is controlled by the hydraulic conditions (e.g., wave run-up 
height, tidal range and rainfall), sediment characteristics (e.g., sediment size, sorting and 
porosity) and beach morphology (e.g., Turner, 1993b; Turner et al., 1997; Masselink & 
Li,2001). Groundwater effects can have a significant impact on sediment transport (e.g., 
Turner & Masselink, 1998; Butt et al., 2001; Horn, 2002). 
The exit point is the theoretical intersection of the watertable with the beach face (e.g., 
Turner, 1993a; b). Above the exit point is the capillary fringe. In this region, the 
watertable is super-elevated by capillary forces (e.g., Horn, 2002). Pore spaces are filled 
with both water and air, and pore pressures are negative (e.g., Horn, 2002). This is 
caused by the mutual attraction between the sand matrix and water particles, commonly 
referred to as the reverse Wieringenneer effect (e.g., Nielsen et al., 1988; Turner, 1993a; 
Horn, 2002). When the capillary fringe extends to the surface, disproportionately large 
and rapid apparent watertable increases can be caused by the addition of minute 
quantities of water (e.g., Gillham, 1984). The thickness of the capillary fringe, Zc (m) is 
proportional to the surface water tension, (J 4cg S·I) and inversely proportional to the 
median grain diameter, d50 (mm). A first estimate of the thickness of the capillary fringe 
is given by Equation 2.10 (e.g., Turner & Nielsen, 1997). 
(2.10) 
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The surface water tension is normally assumed to be a= 0.07 kg S·l (e.g., Turner & 
Nielsen, 1997). The thickness of the capillary fringe depends primarily on the hydraulic 
conductivity (i.e., permeability) of the sediment. This increases with grain size and 
sorting (Krumbein & Monk, 1942). Beach profiles may be controlled by beach 
penneability, due to infiltration effects (e.g., Bascom, 1951; Shepard, 1963). 
Groundwater variations can be measured using piezometers (e.g., Baird & Horn, 1996). 
Piezometers are perforated at their bases (i.e., the bottom 30 - 40 cm), to allow water to 
flow freely between the sediment and the piezometer. Measurements using piezometers 
include any pressure gradients within the beach face (e.g., Baird et al., 1996, 1997). 
They should be deployed deeply enough so that they reach below the low tide watertable 
elevation. The watertable elevation can then be measured using a floating ruler inside the 
piezometer at appropriate time intervals. This allows the temporal and spatial variation 
in groundwater elevation to be measured (e.g., Turner & Masselink, 1998). 
The vertical pressure gradient within the beach face can be measured using data from at 
least two pressure transducers mounted in the saturated region below the bed. Darcy's 
law (Equation 2.1 1) can then be used to give the vertical flow velocity into and out of the 
bed. This assumes that (i) the sediment is homogeneous and isotropic and (ii) the 
pressure gradient is hydrostatic (e.g., Nielsen, 1990). 
{JP 
w=-K-{)z (2.11 ) 
where K (m S·l) is the hydraulic conductivity of the sediment, P (Pa) is the hydraulic 
head (1 cm '" I hPa) and z (m) is the vertical distance between the pressure transducers. 
Infiltration has important effects on sediment mobility and transport in the swash zone 
(e.g., Butt et al., 1999). The balance between sediment mobilisation and stabilisation can 
be quantified using the Shields parameter (e.g., Turner & Masselink, 1998). The 
mobilisation and stabilisation of sediment is affected by swash asymmetry, the seepage 
force and boundary layer modifications (e.g., Turner, 1995). Infiltration into an 
unsaturated beach face during uprushes reduces the quantity of water in backwashes. 
This is known as swash asymmetry and causes backwashes to be less capable of moving 
sediment (e.g., Masselink & Li, 2001). Swash asymmetry promotes onshore sediment 
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transport and thus beach face steepening (e.g., Butt et al., 1999). When infiltration 
(exfiltration) occurs, a downward (upward) force is applied to the sediment, known as the 
seepage force. This increases (decreases) the effective weight of the sediment and thus 
hinders (promotes) sediment transport by increasing (decreasing) normal stresses at the 
bed (e.g., Martin, 1970). Infiltration and ex filtration also cause boundary layer 
modifications (e.g., Turcotte, 1960). Infiltration (exfiltration) results in boundary layer 
thinning (thickening), which increases (decreases) horizontal shear stresses (e.g., 
Turcotte, 1960). These boundary layer modifications alone cause the near-bed water 
velocity and thus sediment transport to be relatively greater during infiltration than 
exfiltration. Butt et al. (2001) showed that the overall effect of swash infiltration is to 
promote onshore sediment transport when the median grain diameter is greater than 
d50 ~ 0.55 mm, but otherwise offshore sediment transport is enhanced. 
Watertable variations have been widely linked to the morphological evolution of beaches 
(e.g., Grant, 1946, 1948; Duncan, 1964; Eliot & Clarke, 1988). Duncan (1964) 
suggested that on the rising tide a convex lens of sediment is transported shoreward. 
This is caused by net infiltration into the beach face, due to the relatively lowered 
watertable at this time. Then during the falling tide, a thin sediment lens is deposited, 
since the watertable is relatively elevated. The validity of this hypothesis has been 
questioned by Turner & Nielsen (1997) who suggest that apparent variations in the 
watertable beneath the swash zone do not equate to regions of erosion or accretion, since 
these apparent variations are actually due to the presence of the capillary fringe. 
2.4.5 Summary o(hydrodynamic measurements in the swash zone 
General swash characteristics determined in previous studies are summarised in Table 
2.1 (pg. 23). Both Hughes et al. (1997) and Masselink & Hughes (1998) found that 
uprushes are of shorter duration than backwashes. In reality, the duration of backwashes 
would have been greater than measured by these authors, since as the flow thinned it 
would have passed under their water velocity sensors. The overall duration of swashes 
increases with decreasing beach slope. The swash duration is also likely to depend on 
wave height and the location at which measurements are made. The maximum water 
velocity is generally greater during uprushes than backwashes (e.g., Masselink & 
Hughes, 1998). The maximum water depth during uprushes and backwashes are similar, 
since this peak is generally reached around flow reversal (e.g., Hughes et a!., 1997). 
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Table 2.1: Summary offlow hydrodynamics in previous swash zone studies: H97 (Hughes et al .• 
1997), MH98 (Masselink & Hughes, 1998), BR99 (Butt & Russell, 1999), OR99 (Osborne & 
Rooker, 1999), POO (Puleo et aI., 2000) and HP01 (Holland & Puleo, 2001). The beach slope 
(tan (3), duration (DJ, cross-shore water velocity (u) and water depth (h) are shown/or uprushes 
(subscript u) and backwashes (subscript b). The water velocity and water depth are the 
maximum attained. * denotes estimated values. 
Study tan f3 D, Db D it, itb 
(s) (s) (s) (m si) (m S·I) 
H97 0.12 1.8 1.9 3.7 1.9 
MH98 0.14 2.1 3.2 5.3 2.0 1.8 
BR99 0.03 30' 1.7' 2.2' 
OR99 0.03 30' 2.0' 1.5' 0.4' 0.4' 
POO 0.08 10' 1.9' 1.9' 0.6' 0.6' 
HPOl 0.11 7.0 2.3 
2.5 Sediment transport 
2.5.1 Suspended sediment concentrations 
In the laboratory swash zone, cycle-mean variations in suspended sediment concentration 
with elevation above the bed have been measured by Ribberink & Al-Salem (1994). 
These authors carried out twenty-nine experiments (B I - B29) under varying conditions 
in the large oscillating wave tunnel at Delft Hydraulics, Netherlands (14 m x 0.3 m x 
1.1 m), with a 30 cm thick plane sand bed (d5o = 0.21 mm). The maximum water 
velocity and water depth used were u = 1.8 m S'l and h = 80 cm respectively. In their 
study, both regular and irregular second order Stokes waves were imposed. The 
suspended sediment concentration profiles determined are presented in Figure 2.8. 
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Figure 2.8: Variation in the cycle-mean suspended sediment concentration <C> (kg m'3) with 
depth z (m) in the laboratory swash zone determined by Ribberink & Al-Salem (1994) (adapted 
from their Figure 4). 
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Ribberink & AI-Salem (1994) showed that suspended sediment concentrations in the 
laboratory swash zone increase towards the bed. Furthermore, the suspended sediment 
concentration rises with increasing water velocity. The shape of suspended sediment 
concentration profiles has not been adequately defined in the field swash zone. Puleo et 
al. (2000) showed that suspended sediment concentrations increase towards the bed in 
the swash zone (their Figure 11). However, these authors did not address this issue in 
detail. 
Models exist to describe suspended sediment concentration profiles in the surf zone. In 
the surf zone, suspended sediment concentrations also increase towards the bed (e.g., 
Nielsen, 1986; Masselink & Pattiaratchi, 1998). High-resolution Acoustic Backscatter 
Sensors (ABS), cannot make reliable measurements in the swash zone. This is caused by 
the presence of large numbers of bubbles, particularly at the leading edge of uprushes. 
Data collected in the swash zone using OBS are more reliable (e.g., Butt & Russell, 1999; 
Puleo et al., 2000). At present, vertical arrays of miniature OBS remain the most 
appropriate technique for measuring suspended sediment concentration profiles in the 
swash zone. 
One model commonly used to predict exponential suspended sediment concentration 
profiles in the surf zone, probably for reasons of simplicity rather than accuracy, is the 
sediment diffusion model of Nielsen (1979). This model (Equation 2.12) assumes a 
balance between the upward (driven by a sediment concentration gradient) and 
downward (driven by the settling of particles) sediment fluxes (e.g., Masselink & 
Pattiaratchi, 1998). 
be 
W C+e -=0 
, '6z (2.12) 
where w, (m S·l) is the sediment fall velocity, e, (m2 S·l) is the sediment diffusion 
coefficient, which is generally assumed to be the eddy viscosity of water, and 
be / 6z (kg m·4) is the mean vertical suspended sediment concentration gradient. The 
sediment diffusion coefficient governs the mixing of sediment particles. The higher the 
sediment diffusion coefficient, the greater the sediment mixing and the higher the 
gradient of the suspended sediment concentration profile. In reality, the sediment 
diffusion coefficients vary over the water column (e.g., Masselink & Pattiaratchi, 1998; 
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Vongvisessomjai, 1986). A number of numerical models have been developed to 
parameterise these vertical variations (e.g., van Rijn, 1984). 
Close to the bed, it is assumed that there is a constant shear stress and that the sediment 
diffusion coefficient is independent of depth (e.g., Vincent & Osbome, 1995; Masselink 
& Pattiaratchi, 1998). This implies that turbulence and mixing are vertically-invariant 
(e.g., Black & Rosenberg, 1991). The sediment diffusion coefficient then gives the 
efficiency with which vortices eject sediment into the flow (e.g., Vincent & Osbome, 
1995). In this case, integration of Equation 2.10 gives Equation 2.13 (Nielsen, 1979). 
(2.13) 
where C(z) (kg m· l ) is the mean suspended sediment concentration at height z above the 
bed, Co (kg m· l ) is the bed reference concentration and Is (m) is the mixing length scale 
given by I, = to, Iw,. 
When a linear regression line is drawn between z and log C(z), the intercept of the line 
at z = 0 m is the bed reference concentration and the slope of this line is the mixing 
length (e.g., Nielsen, 1979). The sediment diffusion model has not been previously used 
in the swash zone and is generally considered to be most appropriate over rippled beds 
(e.g., Masselink & Pattiaratchi, 1998). When this model is applied to the suspended 
sediment concentration profiles of Ribberink & Al-Sa\em (1994), bed reference 
concentrations increase markedly with flslng water velocity 
(Co = 6.3 kg m·3 - 23.4 kg m·l ), but mixing lengths remain more or less constant 
(Is = 6.3 m - 7.3 cm). In the surf zone, both bed reference concentrations (Co = 0.1 -
38.9 kg m·3) and mixing lengths (Is = 0.5 cm - 85 cm) vary considerably between studies 
(e.g., Kroon, 1991; Black & Rosenberg, 1991; Osbome & Greenwood, 1993; Black et 
al., 1995; Masselink & Pattiaratchi, 1998; Green & Black, 1999; Voulgaris & Collins, 
2000). 
Over flat beds and under sheet flow conditions, Rouse-type models may be appropriate 
(Masselink & Pattiarattchi, 1998; Dohmen-Ianssen & Hanes, 2002). Rouse-type models 
assume that the sediment diffusion coefficient increases linearly with distance above the 
bed. In this case, Equation 2.12 integrates to give Equation 2.14. 
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(2.14) 
Where A (kg m·l ) and B (m) are empirical coefficients. Equation 2.14 decribes a 
suspended sediment concentration profile that gives a straight line when the logarithm of 
the height above the bed is plotted against the logarithm of the suspended sediment 
concentration. Essentially, both Co and A represent the amount of sediment in the water 
column, whilst Is and B describe the degree of mixing. 
2.5.2 Sediment transport rates 
Net sediment transport controls the morphological evolution of beaches (e.g., Hughes et 
a!., 1997). The general omission (or vast simplification) of the swash zone in general 
nearshore sediment transport models (e.g., Schoonees & Theron, 1995) is mainly due to 
the former perception that swash zone measurements are prohibitively difficult to make 
(e.g., Butt & Russell, 1999). Beach and Sternberg (1991) showed that suspended 
sediment concentrations in the swash zone are almost an order of magnitude greater than 
in the surf zone. This results in disproportionately high sediment transport rates (e.g., 
Puleo et al., 2000). An improved uoderstanding of the swash zone is therefore required 
to advance nearshore sediment transport models (e.g., Schoonees & Theron, 1995). 
Swash zone sediment transport is driven by the hydrodynamics of uprushes and 
backwashes. Net sediment transport, which is small compared to the gross sediment 
transport, determines whether a beach is in equilibrium, eroding or accreting (e.g., Butt & 
Russell, 1999; Elfink & Baldock, 2002). Sediment transport is often divided into 
bedload and suspended load. During bedload sediment transport, inter-granular forces 
support grains. The grains remain more or less in constant contact with the bed by 
rolling, sliding or jumping. Suspended load sediment transport is that part of the total 
load which is more or less not in contact with the bed, being transported primarily by the 
fluid drag (e.g., Bagnold, 1956; Fredsoe & Deigaard, 1992). 
The hydrodynamics and sediment transport during uprushes and backwashes contrast 
markedly (e.g., Puleo et al., 2000). In the swash zone of natural beaches, sediment 
transport occurs under sheet flow conditions (e.g., Hughes et al., 1997; Masselink & 
Hughes, 1998). Sheet flow occurs as both bedload and suspended load, but there remains 
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ambiguity in the literature as to which sediment transport mechanism dominates in the 
swash zone (e.g., Bagnold, 1966; Wilson, 1987; Nielsen, 1992; Hughes et al., 1997). 
The distinction between bedload and suspended load has often been made according to 
sediment trap design rather than the underlying physics (e.g., Masselink & Hughes, 
1998). 
The most appropriate technique for measuring total load sediment transport has not yet 
been established. Total load sediment transport can be measured using streamer traps. 
However, streamer traps cause significant flow interference, resulting in measurement 
errors. Alternatively, the total load sediment transport can be approximated using the 
water depth and vertical profiles of the water velocity and suspended sediment 
concentration extrapolated to the bed. Since miniature sensors are available to measure 
these properties (i.e., less than 3 mm diameter), the interference to the flow is likely to be 
less than during the deployment of streamer traps. Therefore, although these methods 
cannot directly measure the bedload component of sediment transport, the approximation 
of total load sediment transport is likely to be equally as reliable. Net swash zone 
sediment transport can be measured on a range of time scales including: (i) over tides, 
(ii) during tides, (iii) individual uprushes and backwashes and (iv) instantaneously. 
Beach surveying (section 3.4.1.1, pg. 45) can be used to measure the net sediment 
transport over tidal cycles. The change in beach elevation between tides can be 
converted to an equivalent dry mass of sediment using Equation 2.15. 
1 x-O 
Qdry = p,a-LAz(x) 
N x-d 
(2.15) 
where N is the number of measurements points, Llz(x) (m) is the elevation change at each 
measurement point, a is the sediment porosity and d (m) is the cross-shore distance over 
which the change is required (e.g., onshore of the swash station). The Rapid Profile 
Change method (section 3.4.1.2, pg. 46) can be used to measure morphological 
adjustments between the shoreline and the surf zone around every ten minutes. These 
beach elevation data can be used (in a similar way to beach survey data, but at shorter 
time-scales) to give the net change in sediment mass at fixed points on the beach during 
tides. 
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Streamer trap data (refer to section 3.4.2, pg. 47) can be used to measure sediment 
transport during individual uprushes and backwashes. When the uprush and backwash 
durations are known, the mean sediment transport rates during both phases of the swash 
cycle can be determined (e.g., Masselink & Hughes, 1998). Data from streamer traps 
have been used to calibrate Bagnold's (1963) model (e.g., Hughes et aI., 1997; Masselink 
and Hughes, 1998). Measurements using streamer trap data offer a number of 
advantages over those obtained using hydrodynamic and sediment transport station data 
including: (i) they are portable, (ii) they give a measurable amount of sediment, (iii) they 
measure total load and (iv) experimental modification is straightforward. However, there 
are also a number of disadvantages including: (i) poor sediment collection efficiency, 
(ii) they do not provide time series and (iii) no information is given regarding the vertical 
variation in sediment transport (e.g., Kraus, 1987; Dean, 1989). Streamer traps of width, 
Tw;dth (m) can be used to measure time-averaged immersed weight sediment transport 
rates per metre width of beach, I(rn) (N m·1 S·I) during uprushes and backwashes using 
Equation 2.16, where Qdry (kg) is total dry sediment mass collected in the streamer trap. 
f(rn) Qdry (g(P, -Pw))= 6Qdry 
DTwidth P:; DTwid'h 
(2.16) 
Instantaneous vertically-integrated immersed weight suspended sediment transport rates 
can be determined using data from hydrodynamic and sediment transport stations (e.g., 
Puleo et al., 2000). This is useful, because it allows the instantaneous flow 
hydrodynamics and sediment transport to be related. For modelling purposes, this may 
be more appropriate than using time-averaging techniques (e.g., Masselink & Hughes, 
1998). The instantaneous suspended sediment transport rate at a particular depth is 
commonly determined using single point water velocity and suspended sediment 
concentration measurements. The instantaneous immersed weight sediment transport at 
that depth,I(m); (N m·1 s .1) can then be approximated using Equation 2.17. 
f(m), = ( g(p~~ Pw ))C,U,h, (2.17) 
where ps (kg m .3) is the density of the sediment and the subscript i denotes instantaneous 
measurements. However, water velocities and suspended sediment concentrations in the 
swash zone are not vertically-invariant. In order to account for this, the sediment 
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transport data have to be divided into bins and vertically summed. This can lead to 
significant errors, the extent of which may depend on the vertical resolution of the 
measurements. When measurements of both the water velocity and suspended sediment 
concentration are available at a number of vertical elevations, the vertically-integrated 
dry mass, Qi (kg m· l ) and vertically-integrated immersed weight sediment transport rates 
can be approximated using Equations 2.18 and 2.19 respectively. 
,_0 
Q(rn), =,~ C,(z)u,(z)Llz (2.18) 
f(rn), = (g(p, -pJ)~ c, (z)u, (z)Llz 
Ps f::( 
(2.19) 
where L1z (m) is the vertical extent that each measurement point covers, usually taken as 
halfway between successive OBS sensors (e.g., Puleo et al., 2000). When the total 
immersed weight sediment transport over a length time, I(m) (N m· l ) is required, this can 
be approximated using Equation 2.20. 
f(rn) (2.20) 
Data from hydrodynamic and sediment transport stations can thus provide vertically-
integrated suspended sediment transport data at time-scales from instantaneous readings 
to entire tides. Models developed using instantaneous water velocities can be tested 
during swashes and/or tides using data from other measurement techniques (e.g., beach 
surveying, rapid profile change measurements or streamer traps). 
2.5.3 Summary o{sediment transport measurements in the swash zone 
The results of previous studies in which suspended sediment concentrations and 
immersed weight sediment transport rates have been determined in the swash zone are 
presented in Table 2.2. 
29 
Table 2.2: Summary of suspended sediment concentrations and immersed weight sediment 
transport rates in previous swash zone studies: H84 (Hardisty et al., 1984), H97 (Hughes et al., 
1997), MH98 (Masselink & Hughes, 1998), BR99 (Butt & Russell, 1999), OR99 (Osbome & 
Rooker, 1999) and POO (Puleo et al., 2000). The beach slope (tan /3), duration (D), suspended 
sediment concentration (C) and immersed weight sediment transport (1) are shown for uprushes 
(subscript u) and backwashes (subscript b). The suspended sediment concentration and 
d h d h *d d I immerse weigl t se iment transport are t e maximum attained. enotes estimate va ues. 
C, C. - -Study tan f3 D, Db D I, I. 
(8) (8) (8) (kg rn") (kg rn") (Nrn·1) (Nm·1) 
H84 0.03 - - - - - 19 - 27' 15 - 22' 
H97 0.12 1.8 1.9 3.7 - - 59 -
MH98 0.14 2.1 3.2 5.3 - - 78 59 
BR99 0.G3 - - 10' lOO' 80' 5 -43' 2 -24' 
OR99 0.G3 - - 30' 160' lOO' 140' 110' 
POO 0.08 - - 7.0 160' 140' 30' 20' 
Maximum suspended sediment concentrations are greater during uprushes 
(c, = 100 - 160 kg mol) than backwashes ( Cb = 80 - 140 kg m,3). The immersed weight 
sediment transport over uprushes and backwashes varies markedly between studies (i.e., 
1=2 - 140 N m-I). Factors such as beach type, sediment size, wave conditions and 
location must all have important affects. The sediment transport during uprushes is 
consistently slightly higher than during backwashes (by around 10% - 30%). In terms of 
total sediment transport though, this is counterbalanced by backwashes having longer 
duration (e.g., Masselink & Hughes, 1998). 
2.6 Swash zone modelling 
Sediment transport models aim to predict the morphological evolution of beaches (e.g., 
Schoonees & Theron, 1995). Models can be calibrated using field data (e.g., Bagnold, 
1963). Schoonees & Theron (1995) suggest that for a model to be practically useful it 
should be: (i) theoretical sound, (ii) based on appropriate assumptions, (iii) calibrated and 
tested against a wide range of conditions, (iv) able to account for morphological change 
and (v) able to incorporate macro-scale profile changes (e.g., bars and troughs). In order 
to test the effectiveness of a model, a discrepancy ratio, a can be used (e.g., van Rijn, 
1984). This involves determining the measured I(m}; and predicted I(p); immersed 
weight sediment transport rates at each data point in the time series. The discrepancy 
ratio can then be determined at each data point using Equation 2.21. 
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.----------------------
/(rn), 
a=--
/(p); 
(2.21 ) 
The percentage of the total number of measurements in the range a =fIr - r, where 
r = 1- 10, is then calculated at intervals of M. When the total number of predictions in 
the discrepancy ratio range is plotted against r it gives an indication of the reliability of 
the model. van Rijn (1984) made a comparison between the discrepancy ratios from a 
number of fluvial studies. For predictions in the range r = 0.5 - 2, he suggested that in 
rivers 75% is a strong result, but 44% is poor. 
Sediment transport models have been developed for application in the surf zone (e.g., 
Schoonees & Theron, 1995). Some of these have been adapted to the swash zone with 
only limited success (e.g., Raubenheimer et al., 1995; Masselink & Hughes, 1998; Puleo 
et al., 2000). These include Bagnold's model (1963) (e.g., Masselink & Hughes, 1998), 
bore-generated turbulence models (e.g., Puleo et al., 2000) and bed shear stress models 
(e.g., Ribberink, 1998). None of these have been tested against the measured 
morphological change. Quantifying swash zone sediment transport is challenging, 
because the net sediment transport is small compared to gross sediment transport (e.g., 
Masselink & Hughes, 1998). Concurrent data sets of morphological change and swash 
station measurements are rare. These data would provide an opportunity to test models 
developed. 
2.6.1 Bagnold's model 
There is no generally accepted approach to modelling sediment transport in the swash 
zone (Butt & Russell, 2000; Elfrink & Baldock, 2002). To date, the only model tested 
and found to work reasonably well is the energetics-based model of Bagnold (\963). 
Sediment transport according to this model is controlled by the efficiency of the flow in 
converting its power to sediment transport through the generation of bed shear stress. 
His bedload sediment transport model is given in Equation 2.22. 
(2.22) 
where /(P) (N m·l S·l) is the instantaneous immersed weight sediment transport rate per 
metre width of beach, Eb is the bedload efficiency factor, w (N S·l) is the fluid power and 
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IjJ is the internal friction angle of the sediment (tan IjJ = 0.63). The plus sign in the 
denominator indicates onshore sediment transport, while the negative sign is used for 
offshore sediment transport. The fluid power, w (N S·I) is then given by Equation 2.23. 
(J) = UTb (2.23) 
Equation 2.22 can then be simplified by substituting Equation 2.7 (pg. 42) for the bed 
shear stress. The predicted time-averaged immersed weight sediment transport over 
entire uprushes and backwashes is then given by Equations 2.24 and 2.25. 
k -3D /(p), = uUu u 
tan IjJ + tan P (2.24) 
(2.25) 
where the subscripts u and b denote uprushes and backwashes respectively and k (kg m·3) 
is a calibration coefficient given by Equation 2.26. 
(2.26) 
Masselink & Hughes (1998) suggested that the use of instantaneous water velocities is 
more appropriate and perhaps more convenient in the swash zone. In this case, 
Equations 2.24 and 2.25 (pg. 31) can be adapted to Equations 2.27 and 2.28. 
12: 3 k. D - u. 
I,U U N I,U 
/ (p), = ------'''----
tana+tanp 
/(P)b 
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(2.27) 
(2.28) 
where N is the number of measurements made during the uprush or backwash. If the 
instantaneous predicted immersed weight sediment transport rate is then required, 
Equation 2.29 could be potentially used. 
J(p), = k,u/ 
tanl/! ± tan f3 (2.29) 
The calibration coefficients can be determined using a least-squares linear regression 
between the vertically-integrated and predicted (omitting the calibration coefficient) 
immersed weight sediment transport rates. The instantaneous vertically-integrated 
suspended sediment transport rate and that over events can be determined using 
Equations 2.19 (pg. 52) and Equation 2.20 (pg. 53) respectively. Previous calibrations of 
Bagnold's model in the swash zone are based on data from streamer trap measurements. 
Therefore, only time-averaged sediment transport has been considered in the swash zone 
using this model at present. 
2.6.2 Summary o[calibrations o(Bagnold's model in the swash zone 
A summary of previous calibrations of Bagnold's model in the swash zone using 
streamer trap data is presented in Table 2.3. 
Table 2.3: Summary of the calibration coefficients (k) obtained in previous applications of 
Bagnold's model in the swash zone for uprushes (subscript u) and backwashes (subscript b): H84 
(Hardisty et aI., 1984), H97 (Hughes et aI., 1997) and MH98 (Masselink and Hughes, 
1998). • denotes estimated values. 
Study tan fJ k, R' kb R' k R' kj,b 
(kgrn"l (kg rn") (kg'~.,) (kg rn") R' 
H84 0.03 70 - - - - - - -
H97 0.12 13.4 0.78 - - - - - -
MH98 0.12 25.9 0.51 14.4 0.76 14.5 0.58 7.4 0.71 
The calibrations coefficients vary markedly between studies. This is partly due to the 
different methods used to measure the water velocity (e.g., Masselink & Hughes, 1998). 
However, other factors such as beach slope, grain size, water velocity sensor elevation, 
the location in the swash zone at which measurements are made, turbulence and 
infiltration may also be important. 
33 
For time-averaged immersed weight sediment transport, the calibration coefficients 
obtained in previous swash zone studies are ku = 13.4 - 70 kg m-3 for uprushes and 
kb = 14.4 kg m-3 for backwashes when time-averaged water velocities are used_ 
Masselink & Hughes (1998) found that the calibration coefficients using instantaneous 
water velocities are around half those using time-averaged water velocities_ Masselink & 
Hughes (1998) also showed that uprush calibration coefficients were around twice those 
for backwashes using both instantaneous and time-averaged water velocities_ This 
confirms that uprushes and backwashes are not simply reverse processes and uprushes 
are around twice as efficient at transporting sediment This is caused by factors such as 
higher bed shear stresses, turbulence levels and/or net infiltration during uprushes_ 
2.7 Summary 
This comprehensive literature review of the swash zone has revealed a number of 
important gaps in our knowledge_ Through analysis, evaluation and synthesis of the field 
data collected, the following questions are addressed and answered_ 
Beach characteristics: What are the similarities and differences between swash on steep 
and gently-sloping beaches and how does this affect sediment transport modelling? 
Suspended sediment concentration profiles __ How do suspended sediment concentrations 
vary with elevation above the bed in the field swash zone and how do these profiles 
compare to those determined in previous studies? 
Bed shear stress: How do bed shear stresses vary during uprushes and backwashes? 
Modelling: What is the most appropriate sediment transport model in the swash zone, can 
an existing model be adapted to this environment and is it possible to predict 
morphological change in the swash zone? 
Measurement errors: How significant are measurement errors in the swash zone when 
modelling sediment transport using hydrodynamic and sediment transport stations? 
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CHAPTER 3: METHODOLOGY 
3.1 Introduction 
The data collected III this study included instantaneous flow hydrodynamics and 
suspended sediment concentrations in the nearshore, surf, transition and swash zones. 
The project team as a whole decided the configurations of the sensors on the 
hydrodynamic and sediment transport stations. Or Tony Butt designed the vertical array 
of miniature OBS. The hydrodynamic and sediment transport data used in this study 
were collected as part of this Natural Environmental Research Council project. Or Ion 
Miles and Or Tony Butt were responsible for the hydrodynamic and sediment transport 
station data collection and instrument calibrations. The author collected all other data 
used in this study, including intensive measurements of the beach morphology at a range 
oftime scales, groundwater variations, sediment samples and streamer trap data. 
This chapter begins by assessing the offshore and nearshore data collected (section 3.2, 
pg. 35), General measurements made during the fieldwork are considered (section 3.3, 
pg. 36). Changes in beach morphology at time scales between minutes and weeks are 
then assessed (section 3.4, pg. 45), before some data conversions used during this study 
are outlined (section 3.5, pg. 51). The names in the section headings in square brackets 
indicate who in the project team was principally responsible for the data collection. 
3.2 Offshore and nearshore conditions 
3.2.1 Offohore 
Daily offshore atmospheric and wave data were downloaded from the National Data 
Buoy Centre via the Internet (currently found at www.ndbc.noaa.gov) during the 
fieldwork. The station used was the Sevenstones Lighthouse (50. ION, 006.1 OW). This 
buoy is maintained by the U.K. Meteorological Office (id. 62107). These data included 
hourly measurements of the atmospheric pressure, wind speed and direction, significant 
offshore wave height and period. All data sets were largely complete. When less than 
two consecutive hours of data were absent, missing data points were replaced by linear 
interpolation between data on either side. When more substantial sections of data were 
absent, they were omitted from analysis. 
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3.2.2 New'shore (DrJon Miles and Dr Tony Bull l 
Two nearshore stati ons were deployed offshore of the inner sur f zone. These stations 
were self-logging and data were downloaded every other day . They cons isted of one 
Electromagneti c Current Meter (EMCM) , one PT and one a BS. Data from the a BS and 
EMCMs were not used in thi s study. A nearshore station deployed at Pe rranporth is 
shown in Figure 3. 1. 
Figure 3. 1: Pholograph of a nears hare slalion deployed 01 Perrcmporlh. 
A Druck PTX 164 pressure transducer was used to measure pressure. The electrica l 
output current was between 4 mA and 20 mA, corresponding to an abso lute pressure 
ra nge of 0 - 200 r a. Therefo re, atmospheric pressure was around mid-range. The o utpu t 
vol tage was passed through a 250 Q res istor, giving a vo ltage fro m I - 5 V. The 
ca librati ons fo r these instruments were conta ined in the down load ing soft ware. The 
published accuracy of thi s PT (combined non-linearity, hysteres is and repeatability) is 
± 0.1 %. The height of the PT above the bed was adjusted every low tide, to ensure that it 
was ma intained nomina lly around z = 2 cm . 
3.3 Swash processes 
3.3. 1 Hydrodynamic and sedimem lransporl slmions (Dr Jon Miles and Dr Tony Bull 1 
Three hydrodynamic and sed iment transport stations were deployed betwee n the inner 
surf and swash zones . Measurements included the water depth, sub-surface pore 
pressure, water veloc ity (cross-shore and along-shore) and suspended sediment 
concentrati ons. Water depth and sub-surface pore pressure were measured us ing a 
verti ca l array of PTs (at z = 0 cm, -2 c m, and -4 cm), water veloci ti es were measured 
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using EMCMs (at z = 3 cm and z = 6 cm) and suspended sediment concentrations using a 
vertical array of nine miniature OBS (at z = I cm, 2 cm, 3 cm, 4 cm, 5 cm, 7 cm, 10 cm, 
I 5 cm and 20 cm). 
Instruments were mounted vertically downwards from scaffolding tube frames. The PTs 
were taped to the outside of I cm diameter stainless stee l tubes. The OBS were mounted 
inside similar tubes, with their heads just visibl e. During measurements the sensor 
heights were adj usted (where poss ibl e) in order to maintai n them (as fa r as practicable) at 
a constant elevation. Figure 3.2 shows a hydrodynamic and sediment transport station 
deployed at Perranporth. 
Figure 3.2: Photograph of a hydrodynamic and sedimen! transport station deployed at 
Perranporth. 
Druck PDCR I830 pressure transducers were used to measure water depths and sub-
surface pore pressures. The electri cal output from these abso lute sensors varied 
from 4 - 20 mA, representing pressures from 8 - 16 Pa. The outpui was passed tlu·ough a 
250 Q res istor, which gave a vo ltage from I - 5 V. The pressure difference, t1P (Pa) 
between the pressure at the sensor, P (Pa) and atmospheric pressure, Pmm (Pa) is given by 
Equation 3. I. 
IJ.p;= P - P'1I111 == a(V - Vmm ) + b (3. 1 ) 
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where V (v) is the output voltage recorded, Vatm (v) is the output voltage at atmospheric 
pressure and a and b are calibration coefficients. Calibration was achieved using a Druck 
portable calibration unit. This allowed known pressure to be applied and the signal 
outputs to be measured by the logging system. The calibration coefficients determined 
were a = 200 and b = 600. These were found to be identical for all PTs. The sensor 
heads were covered in 100 !-Im mesh; so that sand grains were unable penetrate to the 
sensors. The published accuracy of these sensors (combined non-linearity, hysteresis and 
repeatability) is ± 0.1 %. A pressure of 100 Pa is equivalent to 1 cm head of water. 
Previous swash zone studies have concentrated on sediment transport modelling using 
the cross-shore water velocity (e.g., Hardisty et aI., 1984; Hughes et al., 1997; Masselink 
& Hughes, 1998). The water velocity can be measured using a range of techniques in the 
swash zone, including swinging vane (e.g., Hardisty et al., 1984), ducted impeller flow 
meters (e.g., Hughes et al., 1997; Masselink & Hughes, 1998), EMCMs (e.g., Butt & 
Russell, 1999; Butt et al., 1999) and AD Vs (e.g., Osborne & Rooker, 1999; 1999). 
Swinging vanes substantially under-predict the water velocity (e.g., Masselink & 
Hughes, 1998). Ducted impeller flow meters are partly covered and thus unreliable for a 
large portion of swashes (e.g., Butt, 1999). ADVs cannot be mounted as close to the bed 
as EMCMs, due to the sensing volume required and probe configuration (Butt, 1999). 
Therefore, at present, EMCMs probably remain the best choice, within a limited set of 
alternatives (Butt, 1999). 
The operation of EMCMs is based on Faraday's law. This states that a conductor moving 
through a magnetic field will induce a voltage. This output voltage is obtained using two 
orthogonal pairs of electrodes (e.g., Clifford et al., 1993). The water acts as the 
conductor, whilst a coil inside the sensor's head produces the magnetic field. The output 
voltage is directly related to the water velocity. Since the EMCMs generate very low 
voltages they have built-in pre-amplifiers. These sensors are capable of measuring both 
cross-shore and along-shore water velocities. For application in the swash zone, their 
sensor heads need to be small. EMCMs with discus type heads should be at least half 
their diameter away from the bed (e.g., Butt, 1999). Furthermore, to achieve a reliable 
signal the head should be fully immersed at all times (e.g., Butt, 1999). In the swash 
zone instruments are continually being covered and uncovered by swash motions. This 
creates a noisy signal at the start and end of swashes. 
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Two Valeport Model 802 EMCMs, with 3.2 cm diameter discus heads, were mounted on 
each hydrodynamic and sediment transport station to measure the water velocity. The 
two sensors were close together (i.e., Lly = I cm and LIz = 3 cm). The sensing volume of 
this instrument is sperical, with approximately 3 heads diameter (i.e., 9.6 cm). Therefore 
the sensors had to be maintained at least 3 cm above the bed. These sensors were pre-
calibrated by the manufacturer. EMCMs are prone to offset drifts, so these were 
measured in still water every low tide. The offsets were found to be zero in all cases, so 
the outputs were usable (and in m S·I) without further calibration. The water velocity 
measurements were slightly out of synchronisation (by 1.75 s) with the corresponding 
time series of suspended sediment concentration and water depth due to internal filtering 
by the EMCMs. 
The miniature OBS used were Honeywell HOA 1397 reflective opto switches with 
associated electronics. The transducers were circular with a diameter of 4 mm. The OBS 
are termed OBS] to OBS9 moving vertically downwards. The stainless steel tube was 
adjusted over high tide to ensure that OBS9 was maintained at z = I cm. The sensor 
arrangement was specifically chosen so that the spatial resolution of measurements close 
to the bed was finer, since the highest (and most variable) suspended sediment 
concentrations have been reported in this region (e.g., Puleo et a!., 2000). 
Due to the high settling velocity of quartz sand in water, considerable difficulties have 
previously arisen in maintaining the spatially and temporally homogeneous suspensions 
required for accurate calibration of OBSs. Traditional methods have tended to be 
somewhat clumsy and prone to errors, particularly at concentrations over C ~ 100 kg m·3. 
Stoke's law (Equation 3.2) gives the settling velocity of a sediment grain in a laminar 
flow. 
(s-l)gdso 2 W = -'------'-=-""-
, 18v 
(3.2) 
where s is the specific gravity of the sediment (i.e., the ratio between the sediment and 
fluid densities). Using Stokes law, a fluid of high viscosity, but relatively low density, 
would allow the sediment to remain in suspension longer during calibration. In this case, 
less stirring would be required and the sensors could be calibrated at higher suspended 
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sediment concentrations. Such a fluid would have to have similar optical properties to 
water. A correction for differing optical properties is inevitable, but this disadvantage is 
likely to be outweighed by the benefits of measuring at higher suspended sediment 
concentrations. 
The OBS in this study were calibrated using glycerol. This is a clear fluid with a higher 
viscosity than water, but similar optical properties. This technique is described in full by 
Butt et al. (2002). The relative properties of glycerol and water (based on dso = 0.5 mm) 
at 20°C are summarised in Table 3.1. 
Table 3.1: Comparison of settling velocity determination using seawater and glycerol, showing: 
fluid density (p), specific gravity of the sediment (s), flUid viscosity (11) and fall velocity of the 
sediment {wJ 
p s 11 w, 
(kg rn") 1-) Im'sl) Imsl) 
seawater 1025 2.65 9.8xI0· 2.34x 10" 
glycerol 1260 2.1 1.2xlO·' 1.3 x I 0" 
When glycerol is used instead of seawater in the calibration of OBS, the settling velocity 
decreases by around three orders of magnitude. This allowed the accurate calibration of 
OES to the high concentrations required in the swash zone (i.e., C = 200 kg m,3). Tests 
using glycerol and water gave Equation 3.3 for converting the voltage output using 
glycerol (Vg) to that using water (Vw). 
V =5993 -g-(
V )1.05 
w 5315 
(3.3) 
During calibration each OES was fixed facing horizontally inwards from the periphery of 
a beaker (Figure 3.3, pg. 41). Incremental amounts of pre-weighed dried quartz sand 
were added to a known volume of glycerol to give suspended sediment concentrations. 
To maintain the sediment in suspension it was stirred gently by hand. The action radius 
during calibration was 15 cm. The output voltages of ninety readings per increment at 
each sensor were recorded on the data logger for six to eleven samples per sensor. A 
least-squares linear regression was carried out to give the calibration coefficients of the 
sensors. Equation 3.3 was then used to convert the voltages recorded in the laboratory 
(using glycerol) to equivalent suspended sediment concentrations in the field (using 
seawater). 
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Figure 3.3: Experimental set-up for OBS calibration using glycerol. 
Calibration using glycerol in the range C = 0 - 200 kg m- l was stable and had acceptable 
accuracy. Table 3.2 shows the calibration coefficients of each OBS on the swash, 
transition and inner surf stations relative to the output voltage. 
Table 3.2: Calibration coefficients required to convert the voltage output of OB Ss (V) in 
seaw ater to susvended sediment concentrations in the swash, transition and inner surf z ones. 
DES swash K transition R' inner surf R' 
1 25.324V 0.982 31.825V 0.977 46.215V 0.963 
2 33.152V 0.985 29.486V 0.942 41.946V 0.979 
3 25.104V 0.943 27.361V 0.978 36.350V 0.932 
4 41.784V 0.995 44.454V 0.956 51.956V 0.965 
5 52.702V 0.964 40.295V 0.885 46.708V 0.974 
6 47.553V 0.981 43.467V 0.932 56.399V 0.972 
7 52.319V 0.930 45.559V 0.974 48.289V 0.964 
8 39.340V 0.954 43.495V 0.914 49.866V 0.981 
9 58.085V 0.974 44.952V 0.972 53.257V 0.963 
The hydrodynamic and sediment transport stations were moved in the cross-shore 
direction between tides to ensure that they were maintained at their required positions in 
the nearshore. A schematic representation of the general experimental set-up at both 
field sites is shown in Figure 3.4. 
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Figure 3.4: Experimental set-up at (a) Perranporth and (b) Sennen. 
At Perranporth, three hydrodynamic and sediment transport stations were arranged in a 
cross-shore transect. Instrument stations were positioned in the high tide (a) swash, (b) 
transition and (c) inner surf zones. Data from the swash and inner surf zone were used in 
this study. At Sennen, two hydrodynamic and sediment transport stations were 
maintained in a cross-shore transect in the Ca) swash zone and (b) inner surf zone. A 
second swash station was located shore-parallel to the first. The two swash stations at 
Sennen were used together by other workers to investigate the development of cuspate 
morphology (MasseJink et aI., in press). The two nearshore stations were deployed 
outside the inner surf zone shore-parallel to one another. 
The hydrodynamic and sediment transport stations digitised all analogue signals. The 
electrical outputs from instruments were logged at 8 Hz using a National Instruments 
compact PXI unit. The output voltages were relayed via polyurethane outer-screened 
twisted communication cables. One multi-core cable was used for each station. Power 
was supplied through two cores and the AD V data were relayed through separate cores. 
The digitised data were fed into the data logger using a RS485 connection. Outputs from 
the AD Vs were relayed to separate PCs. These PCs were synchronised to the data logger 
with an accuracy of ± 0.5 s. Figure 3.5 shows a schematic representation of the data 
logging arrangement. 
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Figure 3.5: Schematic representation of hydrodynamic and sediment transport station logging. 
where SW represents the output from the EMCMs, ass and PTs on each station. The 
AD Vs were intended to measure near-bed water velocities and bore-generated turbulence, 
since they have a higher sampling rate (i.e., 50 Hz) than the EMCMs. These sensors 
were mounted close to the bed (i.e., at z = 1 cm). However, data from these instruments 
were found to be unusable. This may be due to the large number of bubbles in the swash 
zone and/or because the AD Vs had insufficient sensing volumes.' Consequently, water 
velocity measurements were not available to measure tnrbulence, because the sampling 
rate of the EMCMs was insufficient (e.g., Cox & Kobayashi, 2000). 
3.3.2 Watertable measurements [Mr Darren Evansl 
Watertable variations were measured using three-metre long (diameter: 40 mm) 
piezometers (Figure 3.6, pg. 44). Holes were present in the bottom 40 cm of the 
piezometers, to allow water to freely flow between the piezometer and the sand matrix. 
The holes in the piezometers were covered in 100 f.tm mesh to inhibit sand penetration. 
Measurements of the watertable elevation were made using a piezometer ruler. This 
consisted of a 3 mm diameter dowel (with a plastic coated paper ruler attached), secured 
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to the centre of a 1 cm diameter airtight bottle. This floated inside the piezometer during 
measurements. 
L 
Sand surface -~f--+l=l-'f----
t:l+1--- Ruler 
1+--- PVC tube 
Water table --li--+++I--I--~~:l+-__ b Holes & mesh c 
Figure 3.6: Schematic representation oJpiezometer design. 
Piezometers were deployed along the main transect (which passed through the 
hydrodynamic and sediment transport stations) at both field sites around four hours 
before high tide. Holes were dug in the beach to the watertable level and the piezometers 
were inserted. The length of the piezometers was adjusted so that their top was located 
30 cm above the sand surface. The holes in the beach were filled and sand was 
compacted around the piezometers. Rubber bungs were inserted to prevent the 
piezometers from filling with sand when not in use. At Perranporth, ten piezometers 
were inserted at a cross-shore spacing of Llx = 6.5 m. Eight piezometers were used at 
Sennen, at a cross-shore spacing of Llx = 3.5 m. Transects began above the swash 
maxima, where the watertable showed no variations through tides, and continued 
offshore to beyond the hydrodynamic and sediment transport stations. 
The exposed piezometer length, L (m) was measured using a ruler. The elevation of the 
sand surface relative to chart datum, B (m) was surveyed using the total station. The 
piezometers were calibrated in the field using a one metre long clear round plastic tube. 
The distance from the bottom of the piezometer to zero on the piezometer ruler, b (m) 
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and the length of the piezometer ruler under water when it floats, c (m) were measured. 
The piezometers were read every ten to fifteen minutes. The reading on the piezometer 
ruler was taken as Pread (m). The watertable elevation relative to chart datum, Welev (m) 
was then determined using Equation 3.4. 
(3.4) 
3.4 Sediment transport 
3.4.1 Morvholof!V 
3.4.1.1 Beach surveying [Mr Darren EvansJ 
The beach was surveyed every low tide, using a Leica ® TCA I 100 Professional Series 
Total Station with a 360
0 
prism. This instrument was set-up and levelled using the laser 
plummet and electronic level. The prism and total station height were inputted and the 
horizontal plane was defined. The published accuracy of this device is ± 2 mm over a 
600 m range. 
At Perranporth, three temporary benchmarks were defined and their positions were 
established using a Differential Global Positioning Satellite system. These elevations 
were converted to chart datum using Ordnance Survey and tidal elevation data. 
Measurements to all benchmarks were made before and after each survey. Benchmark I 
was the existing Argus camera network benchmark on Chapel Rock (50°20'54.6" N, 
5°09'26.0" W, 15.117 m). Benchmark 2 was the top of the last post of the steps by the 
collapsing cliff (50°20'51.0" N, 5°09'26.2" W, 9.535 m). Benchmark 3 was on top of 
the corner fence post by the dunes (50°20'59.8" N, 5°09'11.6" W, 12.202 m). The total 
station was set-up at the same location during each survey (i.e., between the 5th and 6th 
strut from the left at the base of Perranporth surf club). A cross-shore transect was 
defined, which passed through Benchmark 4 (50°20'58.7" N, 5°09' 12.1" W, 10.404 m). 
This transect was orientated at 2750 relative to magnetic north. Each survey included the 
measurement of a cross-shore profile along the main transect. Every other tide a three-
dimensional beach survey was conducted. This involved further surveying between the 
y = +50 m and y = -50 m transects (where '+' was towards Perranporth). Measurements 
were made from above the high water mark to the low tide position. The cross-shore 
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spacing between measurements was Lh "" 2 m to the high tide inner surf zone, then 
LIx "" 5 m further offshore. 
At Sennen, three temporary benchmarks were defined and measurements to each were 
also made before and after surveying. The position of each benchmark was measured 
using a handheld Global Positioning Satellite system. The vertical elevation relative to 
chart datum was determined by measuring the elevation difference between the 
benchmarks and a known Ordnance Survey benchmark (50°14'11.0" N, 5°43'3.8" W, 
16.32 m above OD), adjusted to chart datum. This gave Ordnance Survey co-ordinates 
of Benchmark 1 (50°38'24.8" N, 5°44'58.3" W, 10.48 m), Benchmark 2 
(50°40'34.0" N, 5°45'8.6" W, 10.34 m) and Benchmark 3 (50°36'47.9" N, 
5°44'50.6" W, 15.81 m). The total station was set-up above Benchmark 4 
(50°37'50.8" N, 5°45'28.0" W) during each survey. The shore-normal direction was 
taken as the horizontal plane between Benchmark 4 and Benchmark 1. This was 
orientated at 232' relative to magnetic north. All surveys included measurements along 
the main transect. The cross-shore spacing between measurement points was LIx "" 2 m. 
The three-dimensional surveys (also every other tide) included measurements between 
the y = +40 m and y = -40 m transects (where '+' was towards Sennen) at a spacing of 
Liy"" 2 m. Other investigators used these data to look at cuspate morphology (Masselink 
et al., in press). 
3.4.1.2 Rapid profile measurements [Mr Darren Evans J 
The rapid profile measurement technique allows morphological adjustments to be 
measured during tides. Fiberglass rods (diameter: 5 mm) were inserted vertically into the 
sand surface (to z = -50 cm) in a cross-shore transect. The transects were 70 m long 
(moving offshore from the estimated swash maxima), with a cross-shore spacing of 
LIx "" 2.5 m at Perranporth and LIx "" 1.5 m at Sennen. No scour was observed around the 
bases of the rods during deployment. Prior to measurements, the bases of the rods were 
surveyed using the total station and the exposed rod lengths were measured. Once the 
tide had reached the transect, the exposed length of each of the rods were sequentially 
measured using a purpose-built measurement ruler (Figure 3.7, pg. 47). Measurements 
were carried out until high tide had passed. With careful use, the measurement error was 
estimated to be around ± 5 mm. 
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Figure 3.7: Schematic representation of rapid profile measurements. 
The wave conditions and the beach slope controlled the cross-shore extent of 
measurements. Measurements were made from the wave run-up limit offshore as far 
possible (normally to around the breakpoint). The time taken between surveys depended 
on factors including the tidal stage, rod spacing, the length of transect immersed and 
operator efficiency. Normally, measurements along the entire transect took around ten 
minutes. Any bed features and the position of the swash and inner surf zones were noted. 
The erosion (accretion) was taken as the increase (decrease) in exposed rod length. Once 
the tide had ebbed beyond the transect, the bases of the rods were re-surveyed. This 
allowed the overall morphological adjustments measured by the rods to be verified. 
Erroneous outliers were removed and all data were linearly interpolated to intervals of 
L1x = 5 m. 
3.4.2 Streamer traps fMr Darren Evansl 
The streamer traps used were designed to capture the total sediment load (both suspended 
and bedload) moved by single uprushes and backwashes (Figure 3.8, pg. 48). In reality, 
all of the sediment contained in uprushes and backwashes may not have been captured 
due to measurement errors. However, at the present state-of-the-art, this is the most 
appropriate method for measuring total load sediment transport in the swash zone 
available. The streamer traps were designed by Dr. Gerhard Masselink and 
manufactured at the engineering department of Loughborough University. 
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Figure 3.8: Schematic representation of streamer traps. 
The streamer trap frames were made of 3 mm thick stainless steel, with an opening 
10 cm wide and 50 cm high. Since the streamer trap width was over forty times the 
diameter of the largest grains entrained, sediment size variations associated with different 
processes had negligible affect on trap efficiency. The streamer trap height was 
sufficient to ensure that overtopping did not occur. Beneath the opening there was a 
4 cm deep sill. This ensured that the streamer traps were secured rigidly to the bed 
during deployment. Behind the streamer trap was 1.1 m of 100 !lm mesh. This material 
allowed the water of single uprushes and backwashes to pass through, without significant 
flow interference. 
During deployment (Figure 3.9, pg. 49) the streamer traps were aligned upright and 
parallel to the events to be measured. They were pushed firmly into the bed so that the 
bottom of the streamer trap opening was at the bed level. The end of the mesh was 
firmly held. Whilst maintaining the trap's position, the user moved as far along-shore as 
possible to minimise flow interference. Once uprushes or backwashes were complete the 
streamer trap was removed and taken to the measurement station. The streamer trap was 
held upright and the mesh was wetted in a large container. This caused all sediment to 
move to the end of the streamer trap. A bucket was filled with water and the end of the 
trap was fully immersed to allow the transfer of sediment to the bucket. The excess 
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water was decanted off and the sediment collected was weighed (accuracy: ± 10 9). The 
start time, end time, sample number and wet weight of sediment co ll ected were reco rded 
for each uprush and backwas h. 
Figure 3.9: PholOgraph a/jie/d clep/ayll/enl o(slreolller fI·C/pS. 
3.-/.3 Sediment samples [Mr Darren Evansl 
Surface sediment samples of the beach face were regularl y co llected, inc luding before 
and after the fi eld campaigns. Any surface aeoli an sand (to around 2 mm depth) was 
removed us ing a fl at trowe l. Samples were taken of the upper 5 mm of the beach face . 
Around 200 g was co ll ected at each locati on and ['eturned to the laboratory fo r analysis. 
The total station was used to measure where samples were taken from . The samples 
were washed with tap water and dried in ovens at 100 QC. They were then divided using a 
sediment splitter, giving the 5 g samples required fo r settling veloc ity determination. 
The settling velocity di stribution of samples was determined using a sett ling tube. The 
settling tube (Figure 3.1 0, pg. 50) was fill ed with tap water. Samples were placed on the 
back of petri di shes and wetted with distilled water. A tray was mounted ins ide the 
setting tube, beneath a set of self- logging sca les. The di stance between the water surface 
and the tray , I (m) was measured. This was mainta ined at between 1= 1.6 m and 
1= 1.7 m. This ensured that the fluid length was essenti all y of in.finite extent in re lation 
to the particle size (e.g.. Carver, 197 1). The sca les (accuracy: ± 109) logged at 2 Hz and 
were connected directl y to a Pc. The water temperatw'e and the length of the water 
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column were noted between measurements. Samples were touched against the water 
surface and logging program (Dasylab®) was started simultaneously. The surface tension 
was immediately broken, enabling the sediment to reach its terminal fall velocity in as 
short a time as possible (e.g., Carver, 1971). 
Water _ 
surface 
J 
- Scales 
:;:::::1I:=::;:C!iiilliY"Y 
\ 
Sample 
Figure 3.10: Schematic representation of settling tube. 
Measurements were made for around three minutes. The resulting time series was that of 
cumulative mass. Equation 3.5 gives the settling velocity at each time step. 
W, = lit (3.5) 
The fall velocity time series were used to determine the median grain diameter using the 
methods of Hallermeier (1981), shown in Equation 3.6. 
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(3.6) 
where 'U (m2 S·I) is the water viscosity, given by Equation 3.7, where e ("C) is the water 
temperature. 
v = 4.14-(0.031(8 -15»+ 0.00068(&-15Y )y106 (3.7) 
3.5 Data conversions 
3.5.1 Sediment porosity 
Thirty sand cores were taken from the swash zone at Perranporth and Sennen to allow the 
relationship between the wet and dry sediment density (Pwet: p,) and the sand porosity, a 
to be determined. The volume of sand contained in the completely full cores was 
31.4 cm3• The samples were dried and the mass of dry sand was weighed. The dry sand 
density, Pdry (kg m·3) was then determined for each sample using Equation 3.8. 
Pdry = 0.0003142 
The sediment porosity for each sample was then estimated using Equation 3.9. 
p, - Pdry 
a =--'---=-
p, 
(3.8) 
(3.9) 
Assuming that the sediment density was P, = 2650 kg m·3, then the mean sediment 
porosities at Perranporth and Sennen were a = 0.50 (s.d. 0.02) and a = 0.76 (s.d. 0.03) 
respectively. 
3.5.2 Sediment transport conversions 
A number of ways of expressing sediment transport loads and rates exist. In this study, 
the wet mass, dry mass, dry weight and immersed weight are used. Table 3.3 (pg. 52) 
summarises the SI units of these measurements. The conversions between these 
sediment transport terms are given in Equations 3.10 to 3.13 (pg. 52). 
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Table 3.3: SI units of sediment transport terms including the dry mass, wet mass, dry weight and 
immerse d h d d weigl t se iment transport loads an rates. 
Symbol Measurement Load Load (m·l) Rale (m·l s'l) 
Qdry dry mass kg kgm" kgm"s' 
Qwet wet mass kg kg m" kgm",' 
Qw dry weight N Nm" Nm"Si 
1 immersed N Nm" Nm-ls-1 
(3.1 0) 
(3.11 ) 
(3.12) 
Qw = Jp, ~ 1.634J (3.13) 
p, -Pw 
3.6 Summary 
The Natural Environmental Research Council (U.K.) funded this swash zone project. As 
part of this investigation, a wide range of hydrodynamic and sediment transport data 
were collected. High frequency measurements were made in the nearshore, surf, 
transition and swash zones. Dr Ion Miles and Dr Tony Butt were responsible for the 
deployment of hydrodynamic and sediment transport stations and sensor calibrations. 
The author collected all other data used in this study, including groundwater variations, 
sediment samples, streamer trap data and measurements of changes in morphology at 
time-scales from minutes to weeks. The field methods used were consistent with those in 
previous studies. A combination of all the data collected allowed the analysis, evaluation 
and synthesis of: (i) general beach characteristics, (ii) swash zone hydrodynamics and 
sediment transport and (iii) model development and testing. These topics form the 
themes of subsequent chapters. 
52 
CHAPTER 4: WAVE CONDITIONS AND BEACH CHARACTERISTICS 
4.1 Introduction 
The nearshore can been divided into the breaker, outer surf, inner surf and swash zones 
(e.g., Komar, 1998). Flow hydrodynamics and sediment transport in each differ, but they 
are intrinsica1\y linked. Water motions in the surf zone ultimately drive flow 
hydrodynamics and sediment transport in the swash zone. Thus, an understanding of 
both wave conditions and beach characteristics is necessary to carry out a thorough 
investigation of the swash zone. 
The most important beach characteristics (i.e., beach slope, grain sIze and tidal 
conditions) are assessed in section 4.2 (pg. 54). In Section 4.3 (pg. 60), an analysis ofthe 
offshore and nearshore wave conditions (i.e., significant wave height and period) is 
carried out. A range of general beach characteristics are then determined using a 
combination of nearshore data and morphological measurements including the: (i) still 
water level, (ii) beach classification, (iii) swash maxima location, (iv) wave run-up and 
(v) cross-shore width of the swash zone. The impact of groundwater effects on flow 
hydrodynamics and sediment transport in the swash zone are then considered 
(section 4.4, pg. 68). In section 4.5 (pg. 70), sediment transport in the inter-tidal region 
is considered, with particular emphasis on the swash zone. This includes an analysis of 
the: (i) importance of along-shore sediment transport to changes in morphology, 
(ii) morphological adjustments between tides and (iii) similarities and differences in 
morphological changes between the rising and falling tides. These are used to establish 
the importance ofwatertable variations on the morphological evolution of beaches. 
Previous swash zone studies can be divided into those on gently-sloping and steep 
beaches. The most notable studies on gently-sloping beaches are those of Hardisty et al. 
(1984), Butt & Russell (\999) and Osborne & Rooker (1999). Studies on steeper 
beaches include those of Hughes et al. (1997), Masselink & Hughes (1998) and Puleo et 
al. (2000). Throughout this study, the results obtained are compared to the findings of 
these authors. 
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4.2 Beach characteristics 
Data collected at two field sites are used in this study. Perranporth is a gently-sloping 
beach and Sennen is a relatively steep beach. Both beaches are located on the north 
Cornish coast, U.K. Fieldwork was carried out between 22 October and 6 November 
2001 at Perranporth and from 7 May to 22 May 2002 at Sennen. It was envisaged that at 
these times similar (and highly variable) wave conditions would persist. Both beaches 
are north-westerly facing, experiencing a mixture of Atlantic swell and locally generated 
wind waves (e.g., Butt & Russell, 1999). Butt & Russell (1999, 2000) carried out a 
swash zone study previously at Perranporth. No such investigation has been undertaken 
at Sennen. The geo,graphical location of Perranporth and Sennen are shown in Figures 
4.1 and 4.2 (pg. 55). 
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Figure 4.1: Location of Perranporth field site, U.K. 
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Data were collected during twenty-nine tides at Perranporth and thirty-one tides at 
Sennen. Tides were numbered consecutively on each beach. The majority of analysis in 
subsequent chapters is carried out using data collected during tides 10 (POr), 22 (P01 b) 
and 26 (POl") at Perranporth and tides 27 (S02a) and 31 (S02h) at Sennen. These 
abbreviations are used throughout this thesis. These were the only tides available where 
complete data sets were available for the PTs, EMCMs and DBSs over entire tides The 
largest constraint were the DBS data sets. These sensors only functioned correctly during 
complete darkness. Only measurements made entirely during darkness were used, 
because in Chapter 7 (pg. 131) measurements over entire tides are required. The swash 
zone was planar during all of these tides. Beach cusps (with an along-shore spacing of 
aroundy = 20 m) were present at Sennen between tides 1 and 9, but disappeared after this 
time. Photographs of the field sites are shown in Figures 4.3 and 4.4. 
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Figure 4.3: PholOgraph of Perrallporthfield site. 
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Fig ure 4.4: Photograph <!f Se l1l'1 ell fie ld site. 
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At each fi eld site a beacb survey was carri ed out every low tide using a total station along 
a range of c ross-shore transects. Figure 4.5 shows the beach profile along the y = 0 m 
transect (which was defined to run througb the instrument stations) at the start of the field 
campaIgns. 
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Figure 4.5: Beach profiles al (a) Perranporth ond (b) Se/lIIen at the start ofjieldwork, showing 
the variatioll in 'he vertical elevation oJthe beachfilce relative 10 chart da tulII (z) with cross-
shore distance ofJshoreFolII rhe wave run-lip lilllit (r). 
The mean beach s lope between the MHWS and M H WN tida l elevations was tan ~ = 0.03 
at Perranpol1h and tan ~ = 0.09 at SerUlen . These are s imilar to those in previous swash 
zone studies, whi ch had slopes of tan ~ = 0.03 (e.g., Hardisty et al., 1984; Butt & 
Russell , 1999; Osborne & Rooker, 1999) and tan ~ = 0.08 - 0.12 (e.g., Hughes et a/. , 
1997; Masselink & Hughes, 1998; Puleo et ai. , 2000). The beach slope affects the types 
of waves present in the surf zone. At Perranporth, waves were spilling breakers due to 
the low beach s lope. Waves broke well offshore and propagated over a wide stili zone. 
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This results in energy dissipation over a w ide area. Most energy due to wind-generated 
waves on gently-sloping beaches is di ss ipated outs ide the swash zone (e.g., Komar, 
(998). This caused swash hydrodynamics (and thus sediment transport) at Perranporth to 
be dominated by infragrav ity-sca le wa ter motions, as visuall y observed . At Sennen, 
waves we re predominant ly spilling breakers w ith some plunging waves included, 
depend ing on the wave conditio ns. On steep beaches, the amo unt o f wave energy 
di ss ipated in the nearshore is lower. This caused wa ter moti ons at Sennen to be 
predominantly at incident frequencies, which was a lso seen in the ti eld. 
Both beaches are macro-tidal, with mean spring tidal ranges of 5.25 m (e.g., Davidson et 
al., (998). The swash zone migrates up and down the beach with the ri sing and fa lling of 
tides. This affects swash zone hydrodynamics and sediment transport. The beach slope 
decreased moving offs hore on both beaches, which influences fac tors includ ing the: 
(i) time during which the swash zone res ides at a parti cul ar place on the beach, (ii) s lope 
of the high tide swash zone and (ii i) cross-shore width of the swash zone. A summary of 
th e tides used, tida l heights and times are presented in Ta bles A I- I and A 1-2 in 
Ap pendix I (pg. I) . The mean tidal ranges at Perranporth and Sennen during the 
fi e ld wo rk were 4 .5 m and 4.7 m respective ly. Previous swash zone studies have been 
carri ed out on beaches with micro- to macro-tidal ranges o f between 1.8 m and 5.3 m 
(e.g., I-I ardi sty et aI., 1984; I-Iughes et al., 1997; Masselink & Hughes , 1998; Osborne & 
Rooker, 1999; Butt & Russe ll , 1999; Puleo et aI. , 2000). At the start of both fi eldwo rk 
campa igns, neap tides were experi enced. The tides progressed towards spring condi tions 
around tides 8 and 18, and then back towards neap tides during tides 23 and 3 I at 
Perranporth and Sennen respecti vely. 
The sedime nt grain sIze has important affects on sediment transport, in terms of 
entrainment, transport, deposition and groundwater interactions. Settling ve loc ities were 
determined (section 3.4.3, pg. 49) using the samples along the main transect. These were 
converted to equi va lent medi an grain diameters using tbe methods of Ha ll ernleier ( 198 1). 
The cross-shore variati on in median grain di ameters offshore of the wave run-up limit is 
presented in Figure 4.6. 
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Figure 4.6: Cross-shore variation in the lIledian grain dialll eter (d5o) at the (a) start and (b) end 
offieldwork at Perranporth and Sennen. ",here x is the cross-shore distance oJJshoreji"Oln the 
wave rUIl-lIp limit. 
The mean and standard deviation of the med ian grain diameter at the start and end of 
fie ldwork was determined using the data points in Figure 4.6. Pen-anporth consisted of 
fin e- to med ium-s ized sand, with very few stones. The mean median grain diameter at 
Perranporth was similar at all cross-shore locations at both the start (d50 = 0.28 mm, 
s.d . 0.02 mm) and end (d50 = 0.27 mm, s.d . 0 .03 mm) of the fi eldwork. It was assumed 
that the median grai n diameter at Perranporth was d;o = 0.27 mm (equivalent to a median 
sed iment fa ll velocity of 4.0 cm SO') . Sand at Sennen was medium-sized, also with very 
few stones. The mean median grai n diameter was also similar at the start (d50 = 0.53 mm, 
s.d. 0.06 mm) and end (d50 = 0.57 mm, s.d. 0.05 mm) of the fieldwork . It was assumed 
that the mean median grain diameter at Sennen was d50 = 0.55 mm (equi va lent to a 
median sediment fa ll velocity of 8.2 cm s· ') . The median grain diameter vari ed slightly 
with cross-shore location at Sennen (d50= 0.53 mm - 0.66 mm) . It increased moving 
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offs hore in the swash zone, reached a max imum around the lower swash zone, then 
dec reased moving further offs hore. 
The median gra in d iameters at Perranporth and Sennen were a lso s imi lar to those 
reported in prev ious swash zone studies. O n gent ly-s loping beaches (e .g., Butt & 
Russe ll , 1999; Osborne & Rooker, 1999), median grain di ameters were in the range 
dj o = 0. 15 - 0.24 mm. On steeper beaches (e.g., Hughes et al., 1997; Masse link & 
i-Iug hes , 1998; Pu leo et a I. , 2000) , med ian g ra in di ameters we re large r (i.e., 
djo = 0.44 - 0.50 mm). Prev ious authors have a lso shown that median grain diameters 
tend to increase with ri sing beach s lope (e.g., Sunamara & Kraus, 1985). 
4.3 Hyd rodynamic conditions 
The nearest offshore station to both fie ld sites is Sevenstones buoy. The annual mean 
signi fica nt offshore wave height at this buoy is HII3 = 1.4 m (e.g., Davidson et ai. , 1998). 
Data were down loaded from thi s stati on during fi e ldwo rk at Perranporth (F igure 4 .7). 
During fi eldwork at Sennen, the PC failed to down load offshore data, so the offshore 
conditions at Sennen were not assessed. 
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Figure 4.7: Offshore (a) significant wave height (H.) and (b) significant wave periad (T.) af 
Perronport/t during all {ides lIIeasured. 
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The mean signifi cant offshore wave he ight at Perranporth was H~= 2.4 m. This was 
highly vari able during the fi eldwork (i.e., H~= 0.8 - 5.0 m). Long-period (T~= 9 - 10 s) 
offs hore waves tend to reach the shoreline. The offshore wave data indicate that long-
period waves were present during tides POI" (i.e. , H~ = 3 - 4 m), POl b (i .e., H~ = I - 2 m) 
and POle (i.e., Hoo = 2 - 3 m). These waves propagated shoreward in to the nearshore 
regIOn . 
Nearshore hydrodynamic data were co ll ec ted during the majority of fi eldwo rk. The 
measurements made were used to generate time seri es of variations in nearshore water 
depth , signi ficant wave height and signifi cant wave period. A one-houT time series of 
pressure data centred on high tide (from the PT) was extracted between tides 10 and 29 at 
Perranporth (Figure 4.8, pg. 62) and between tides 9 and 3 1 at Senne n (F igure 4.9 , 
pg. 63). The still water level relati ve to chart datum was ass umed to be the mean 
pressure at high tide, minus atmospheric pressure, plus the measured elevati on of the PT. 
Spec tra l ana lys is was used to provide information about th e fre quency-energy 
di stribution of waves during these tides. The pressure time seri es we re di vided into 
3 1 segments of 450 points, with segments overlapping by 50%. The segments were then 
de- trended and a Hanning window appli ed prior to the fast Fourier tra nsfo rm . This 
provided estimates based on approxi mately 62 degrees of freedom. Infragrav ity waves 
were defi ned as those with! < 0.05 Hz, whi lst those with ! > 0.05 Hz were said to be 
inc ident waves (e.g., Osborne & Rooker, 1999). To estimate the relati ve contribution to 
the wave height of each frequency band, the spectral estimates were a lso no rmalised 
relati ve to the tota l energy. The significant nearshore wave height was defin ed to be four 
times the standard dev iation of the total frequency spectrum . The contribution o f 
inc ident and infragravi ty frequency energy was assumed to be four times the standard 
dev iation of the wave energy spectrum in their respective frequency bands. 
61 
(a) P01 a P01 b P01 c 
7 
~ 
~ 
E 
~ 
~ 5 
UJ 
3 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 
(b) 
1.5 
H 1/3 
Hinfra 
1 Hincident 
E 
~ 
I 
0.5 
\ ,,- _/----
"-
I " I 
..... / 
0 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 m2 s (C) 
x 10 
0.3 
0.2 
0.1 
o L--"-----'-_~___L_ 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 
(d) 
0.3 r---.-----,---.-----,-
0.2 
0.1 
o L------'--_'----'--~'___ 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 
Tide 
Figure 4.8: (a) Still water level (SWL), (b) wave height (H) , (e) wave energy ji-eqllellcy 
diSlributiOIl and (d) norlllalised wave energy ji·eql.leney distribution al PerrclI7porlh. 
62 
-3 
(a ) 
6 .5 r--,-----,--_,__---r--,-,--....,---.----,---,--~_r____,-_,___, 
5 .5 L-~~__'_~~__'._"--__'___-'-_'--~~__' _ _'__' 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 
(b) 
1 .5 r;====::::;o~c--,---,--r----,-~-~-,---,----,-___, 
1 
I 
0.5 
H1/3 
H;nfra 
Hincident 
'-J 
\ r' 
'- I 
I 
I 
O L-~-'-_L_--'---__'._-'-~--'._~_L_'__~_'__L_~ 
1 3 5 
(c) 
7 9 11 13 15 17 19 21 23 25 27 29 31 
0.3 r--r---,--_,__-
0.2 
0 .1 
O L-~~--'.-
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 
(d) 
0.3 r--,----,-~-
0.2 
0.1 
o L-~-'-_.l.-~ 
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 
Tide 
m2 s 
x 10 
15 
10 
5 
Figure .f. 9: (a) Sli/l waler level (SWL), (b) wave heigill (/-I). (c) lI'ave energy frequency 
dislrib lllion and (d) normalised wave ellergy frequellcy dislribulioll a/ Sellllell. 
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The still water level at high tide was high (spring tides) during tides POl b, POle and S02b, 
medium (spring-neap) during tide S02b and low (neap) during tide POl". The mean 
significant nearshore wave height at Perranporth (HI/3 = 0.87 m, s.d. 0.29 m) and Sennen 
(HI/3= 0.74 m, s.d. 0.2 1 m) were similar. Sign ificant nearshore wave heights were lower 
than the corresponding significant offshore wave heights at Perranporth. This may be 
caused by wave energy di ss ipation offshore of the nearshore station. Higher than mean 
s ignificant nearshore wave heights were recorded during tides POl b, POle, S02" and S02b, 
but they were lower than the mean during tide PO I". On both beaches, large wave 
heights were coinc ident with longer period waves (T1/3= 10 s - 12 s), whilst shorter 
period waves (T1/3 = 6 s - 9 s) were measured when significant nearshore wave heights 
were below the mean. The arriva l of new wave systems was indicated by the arriva l of 
longer period waves. New wave systems can be seen in the spectra, s ince they 
lengthened the dominant significant nearshore wave period (Perranporth: tides 10, 15, 18, 
22 and 26; Sennen: tides 14, 20, 25 and 30). The largest waves arrived one or two tides 
later and had shorter periods. The dominant wave energy in the nea rshore region (except 
during tides 27 - 29 and tide 3 1 at Sennen) was at incident frequencies on both beaches. 
The significant nearshore wave height and the measured swash zone s lope were used to 
estimate the surf sca ling parameter during each tide using Equation 2.1 (pg. 30). The 
swash zone slope was assumed to be the mean slope between the wave run-up limit and 
the intersection of the still water level with the beach face at high tide. The results of this 
analysis for each tide are presented in Tables A2-J and A2-2 in Appendix 2 (pg. Ill). 
SSP H II3 (2n: / T,13 ) 
gtan ' f3 (2. 1 ) 
The mean surf sca ling parameter was SSP = 63 (s .d. 38) at Perranporth. Since SSP > 20, 
this beach can be c lass ified as dissipative (Guza & Bowen, 1976). During previous 
studies on gent ly-s lop in g beaches, the surf sca ling parameter was between 
SSP = 7 1 - 356 (Butt & Russell , 1999; Osborne & Rooker, (999). At Sennen, the mean 
surf scaling parameter was SSP = 6 (s.d. 2). Since the surf sca ling parameter at Sennen 
was in the range SSP = 2.5 - 20, Sennen can be classified as steep-intermediate (Guza & 
Bowen, 1976). The surf sca ling parameter during previous studies on steep beaches were 
also s imilar, varying froIll SSP = I - 20 (Hughes et al. , 1997; Masselink & Hllghes, 
1998; Pllleo et al., 2000). 
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The width of the swash zone is important in terms of sediment transport, not least 
because it contro ls the area over which swash zone energy dissipation occurs. Assuming 
that the nearshore stations were far enough onshore so that wave set-up was included in 
the SWL measurements, the instantaneous vertical wave run-up is the waterline position 
minus the SWL (e.g., Komar, 1998). The maximum vertical wave run-up elevation is the 
position of the swash maxima, S"''''' (m) minus the SWL . The maximum width of the 
swash zone, S",;,/,h (m) can then be estimated by dividing the vertical wave run-up by the 
s lope of the swash zone, as shown in Equation 4. 1. 
Sm", - SWL 
swidlll ""'" R tan JJ 
(4 . 1 ) 
Data from the nearshore station during each high tide were divided into ten-minute 
sections. The still water level during each tide was assumed to be the maximum mean 
water depth recorded in these sections of data over hi gh tide. The swash maxima were 
taken as the wave run-up limi t measured during each low tide survey. The e levation of 
a ll data was adjusted to chart datum . The width of the swash zone was then ca lculated, 
using the survey data to give the swash zone slope and Equation 4. 1. The variation in the 
still water level , swash maxima, s ignificant nearshore wave height and maximum swash 
width during each tide are presented in Figure 4.1 0 (pg. 66). 
The mean swash zone width was greater at Perran porth (Sw''',h = 25 m, s.d. 7 m) than at 
Sennen (S",;,/,h = 9 m, s.d. 3 m). The width of the sw ash zone (except during tides 15 and 
16) varied between S",''',h = 20 - 34 m at Perranporth and Sw'd,/, = 6 - 12 m at Sennen. The 
swash zone width differed considerably during tides used in the majority of subsequent 
ana lys is: POlo (S"""'h = 22 m), POfb (Sw''''h = 27 m), por (S",id,h = 32 m), S02a (S",''''h = 9 111) 
and S02b (S",;,"h = 8 m). Thus, conditions in the swash zone varied between tides, so a 
wide range of swash conditions were considered in this study. 
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Figure 4. 10: (a) Still water level (SWL), (b) swash maxima elevation (S",u.J, (e) s ignificant 
new'shore wave height (!-II/J) and (d) estimated maximum swash zone width (s".;<I,,J at 
Perranporth (solid) and Sennell (dashed) for all tides measured. 
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Most previous swash zone studies do not give the width of the swash zone, despite its 
clear importance. The vertica l wave run-up has been shown to be proportional to some 
power of the signifi cant nearshore wave height (e.g. , Hunt, 1959; Battjes, 197 1; Guza & 
Thornton, 1982; Nie lsen & Hanslow, 199 1). Guza & Thornton (1982) derived Equation 
2.2 (pg. 32) to estimate the vert ica l wave run-up when the s ign ificant nearshore wave 
height is known. 
W, =0.7HII J (2.2) 
The width of the swash zone in previous studies was est imated by dividing the vertica l 
wave run-up by the mean slope of the swash zone (s ince the s ignificant nearshore wave 
height and beach slope are normally provided). When applied to the present study, the 
estimated mean swash zone width was Swki," = 30 m at Perranporth and Sw;'!," = 5 m at 
Se lll1en. These compare we ll with those determined using the swash maxima, still water 
level and beach slope. The equiva lent estimated swash zone widths du ring previous 
studies on gently-s loping and steep beaches are S",I"," = 18 - 1 17 m and S",ld," = 2 - 18 m 
respectively (e.g. , Hughes et al., 1997; Masseli nk & Hughes, 1998; Butt & Russe ll , 1999; 
Osborne & Rooker, 1999; Puleo et al., 2000). Thus, the swash zone widths during a ll 
tides considered were in the range of those in previous studies. 
The general beach characteristics and hydrodynamic conditions during each tide are 
shown in Tables A2-1 to A2-2 in Appendix 2 (pg. LlI). A summary is presented in Table 
4.1 (pg. 67) . In all respects, the beach characteristics and hydrodynamic conditions in 
this study were similar to those in previous invest igations on steep and gen tly s loping 
beaches. This indicates that direct comparisons between thi s study and previous 
investigations in subsequent chapters are reasonable. 
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Table 4.1: SUII/II/{/IY o/general hydr odynamics on gently·sloping and s teep beaches showing: 
ometer (d,o). signijicanlnearshore wave height (Hw) and 
aye height (H.) and period (T.). width 0/ the slVash zone 
'SSP}. Th e studies considered are: H84 (Hardisty et al .. 
V/J-/98 (Masselink & J-/ughes. 1998). OR99 (Osborne & 
beach s lope (tan P). median grain di 
period (Tw) . s ignificant offshore IV 
(swiddJ and slll1 scaling parameler ( 
I 984), H97 (Hughes et 01 .. 1997). i 
Rooker. 1999}. BR99 (Bull & Russel I, 1999). POO (Puleo el al .. 2000). POI (Perranporth) and 
502 'Sennen}. 
Gently-sloping beaches 
tall (3 d j () 1-1 flJ TIIJ H. T. Suid/I! SSP 
(mm) (m) (s) (m) (s) (m) (. ) 
1-184 mean 0.03 0.19 15 - 20 
IJR99 mean 0.03 0.24 0.8 - 2.2 8 18 - 47 7 1 - 196 
OR99 mean 0.03 0.15 2 - 5 10 47 - 117 142 - 356 
POI mean 0.03 0.27 0.87 10.7 2.4 9.2 24.8 63 
s.d. 0.0 1 0.03 0.29 1.4 1.0 1.5 6.8 38 
Steep beach es 
H97 mean 0.12 0.5 0.5 10 3 2.2 
MH98 mean 0.1 4 0.5 0.4 - 0.5 10 - 12 2-3 1.1 - 1. 6 
POO mean 0.08 0.44 1.5 - 2.0 10 13 - 18 15 - 20 
S02 mean 0.09 0.55 0.74 10.7 8.9 6 
s.d. 0.0 1 0.06 0.2 1 2.6 3.2 2 
4.4 Watertable 
The watertab le is tbought to affect 
swash zone (e.g .. Marti n, 1970; 
Russe ll , 1999; Hom, 2002). 
sed iment suspension, transport and depos ition in the 
Turner, 1995; Turner & Masse lin k, 1998; Butt & 
able variations were measured at Perranporth (tides 6, 
nd 17) us ing piezometers (section 3.3.2, pg. 43) . The 
Watert 
16 and 27) and Sennen (tides 5, 9 a 
locati on of the swash max ima and minima were noted during the simul ta neous rapid 
pg. 70). The watertable outcrop was estimated by 
on in the watertable elevation to the sand surface. 
o estimate the theoreti cal thickness o f the capill ary 
profil e measurements (section 4. 5, 
ex trapo lating the hori zontal variati 
Equation 2. 10 (pg. 44) was used t 
fringe . 
(2 . 10) 
It was assumed that 0= 0.07 kg S· I 
p" = I 025 kg m·3 Using the m 
(e.g., Turner and Nielsen, 1997) , g = 9.8 1 m S· I and 
ean median gra in di amete rs de te rmin ed (i .e., 
50 = 0.55 mm at Sennen), the capill ary fri nges were cl50 = 0.27 mm at Perranporth and cl 
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estimated to be Zc = 26 cm and Zc = 13 cm deep at Perranp0l1h and Sennen respecti ve ly. 
The thickness of the capillalY fringe was converted to an equivalent cross-shore di stance 
lI sing the swash zone s lope detennined for each tide (Appendix 2, pg . UI). This gave 
x = 11 .3 m, x = 9.3 m and x = 7.6 m during tides 6, 16 and 27 at Perranporth and 
x = 1.5 m for all three tides at Sennen. The spati al and tempora l variati on in beach face 
saturation is shown in Figure 4. 1 I. 
:[ 
x 
a(i) 
40 
60 
80 
140 
-200 
a(ii) 
a(i ii) 
120 
-100 
, 
, 
, 
, 
, 
0 100 200 
140 L----'.~ ____ -"_--' 
-200 -100 0 100 
Time (minutes) 
---. R 
ffm 
SWL 
_ Unsaturated 
Cl Saturated 
Cl Betow watertable 
200 
b(i) 
-10 
0 
10 
:[ 20 
x 
30 
40 
~~oo 
-100 0 100 200 
-1 0 
b(iii) 
0 
10 
5 20 
x 
30 
40 
50 
-200 -100 0 100 200 
Time (minutes) 
Figure 4. 11 : Variation in cross-shore location (x) of the watertable illlersection with the beach 
f ace (light grey), saturated beach Flce (medium grey) and unsaturated beach face (da rk grey) 
offshore ji-om the wave run-up iimit (RIi .. J at (a) Perranporth during (i) tide 9, (ii) tide 16 and 
(iii) tide 26 and at (b) Sel111en during (i) tide 5, (ii) tide 9 and (iii) tide 17. The dashed line g ives 
the wave 1'/In-up limit and the dOlled line the still waler level (SWL). 
69 
On both beaches, the watertab le minima were reached around two hours before high tide. 
It then rose rapidly, reaching its peak thirty to sixty minutes after high tide, before 
gradually decreasing back to its minima. At Perranporth, swash passed over a saturated 
bed throughout, except for around one-hour centred on high tide during spring tide 
conditions. During the rising tide at Sennen, swash consistently flowed over an 
unsaturated bed, but during the fa lli ng tide the bed was saturated for the majority of time. 
In some studies, the capill ary fr inge was not included, since its ex istence had not been 
es tab li shed (e.g ., Grant 1946, 1948 ; Duncan, 1964; Eliot & Clarke, 1988). It was 
previously concluded that rapid increases in watertable e levations in the swash zone were 
due to significant net infiltration into the bed. It was proposed that thi s caused swash 
zone accretion. Turner & Nie lsen (1997) demonstrated that thi s is actually due to minute 
downwards infiltration into the capillary fringe. When the beach face is saturated, net 
in fi ltration is li kely to be small , so the effects of swash asymmetry on sediment transport 
must be minima l (Turner et aI. , 1997). Therefore, ifnet infiltration is important in beach 
profile deve lopment, then thi s can on ly be the case during the ri sing tide at Sennen. 
4.5 Sediment transport 
Beaches adjust their morphology to varying hydrodynam ic conditions (e.g., Komar, 
1998). A compari son between cross-shore survey transects was made to estab li sh 
whether llet changes in cross-shore morphology were similar regard less of along-shore 
location . Beach profi les and morphological changes over the fieldwork a long the y = 0 m 
transect (termed the main transect) were compared to those along the y = ±50 m transects 
at Perranporth and the y = ±20 m transects at Sennen (Figure 4. 12, pg. 7 1). 
On both beaches, profiles were similar at the start of fieldwork regardless of along-shore 
location. Over the course of fieldwork, morpholog ical adjustments were simi lar along all 
transects. The mean swash zone widths at Perranporth and Sennen were s"';''''' = 25 m 
(s.d. 7 m) and Sw;"'" = 9 m (s .d. 3 m) respectively (Appendix 2, pg. Ill). On both beaches, 
overa ll accretion was measured in the swash zone. Overall swash zone accretion during 
the fieldwork was greater at Sennen (up to Llz = 68 cm) than at Perranporth (up to 
LIz = 11 cm). At Perranporth, adjustments of LIz = -1 0 cm to LIz = 30 cm were observed 
between x = 40 - 130 m, at least in part due to the removal of a bar / trough system. 
Further offshore both erosion and accretion occurred. At Sennen, eros ion took place 
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a long all cross-shore trallsec ts moving offshore from x = 35 m (up to ,1z = -52 cm). 
Overa ll , a long-shore morphologica l adj ustments were sma ll compared to those in the 
cross-shore direction on both beaches (i. e., less than 20%). This supports the application 
of cross-shore sediment transport models in the swash zone by previous authors (e.g. , 
Hughes et aI. , 1997; Masselink & Hughes, 1998; PuleD, 2000). 
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The cross-shore morph DIDgica l adj us tments between tides at both fie ld s ites were 
estab lished using the low tide survey data from the main transects. All data were linearly 
interpolated tD interva ls Df ,1x = 10 m at Perranporth and LLr = 2 m at Sennen. The 
change in beach elevatiDn between tides was determined by s imple subtracti Dn. The 
mDrphologica l evolutiDn of the beaches during the fi eldwork campaigns is presented in 
Figure 4. 13. 
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Morphological adjustments were greater at Sennen than at Perranporth. At Perranporth 
(except between tides 5 and 8 when the bar I trough system was removed), the change in 
beach elevation between tides was under L1z ~ ± 2 cm at all cross-shore locations. During 
the removal of the bar I trough system morphological changes of up to L1z = ± 8 cm were 
measured. The adjustments in morphology between tides at Sennen were greater, with 
changes of up to L1z = ± 17 cm occurring over single tides. During each tide, the mean 
change in beach elevation in the swash zone was calculated between the wave run-up 
limit and the width of the swash zone offshore. The mean change in beach elevation in 
the swash zone was twice as high at Sennen (L1z = 2.0 cm, s.d. 1.2 cm) compared to 
Perranporth (L1z = 1.0 cm, s.d. 0.5 cm). 
Erosion of the beach face did not occur in the swash zone. This confirms the findings of 
previous authors that swash zone sediment transport is directed onshore and causes beach 
face steepening (e.g., Butt & Russell, 1999; Marino-Tapia, 2003), whilst sediment 
transport in the surf zone is offshore (e.g., Russell & Huntley, 1999). The greatest swash 
zone accretion (and erosion further offshore) at Sennen (e.g., tides 12, 17 and 28 - 31) 
occurred when large waves were experienced (section 4.3, pg. 60). This trend was less 
clear at Perranporth, because adjustments were consistently smaller. 
Morphological adjustments on steep beaches are generally greater than on gently-sloping 
beaches (e.g., Komar, 1998). This is due (at least in part) to energy dissipation in the 
swash zone of steep beaches taking place over a narrower swash zone. Essentially, the 
beach face at Perranporth remained in dynamic equilibrium regardless of wave 
conditions. However, at Sennen the beach face responded rapidly to changing wave 
conditions. Butt & RusseJl (1999) found that morphological adjustments were negligible 
at Perranporth. Ciavola et al. (1997) found on their steep beach (tan ~ = 0.11; 
SSP = 1.7 - 2.3) that morphological adjustments of up to &- = ±20 cm occurred over 
single tides. The morphological changes during single tides measured at both 
Perranporth and Sennen are thus typical of those measured by previous authors. 
It is rare to have such comprehensive morphological data sets to compliment 
measurements made at hydrodynamic and sediment transport stations. These 
morphological data can be used to independently test models developed using high 
frequency electronic measurements (Chapter 7, pg. 131). Using these combined data 
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sets; model predictions can be compared to the actual change in morphology measured 
on beaches. 
The morphological change during tides was measured using rapid profile measurements 
(section 3.4.1.2, pg. 46). Simultaneous watertable elevation measurements were made. 
Rapid profile measurements were made along the main transect during tides 9, 16 and 27 
at Perranporth and tides 5, 9 and 17 at Sennen (Figure 4.14, pg. 75). The cross-shore 
distance was normalised by the width of the swash zone (Table A2-1, pg. III and Table 
A2-2, pg. IV). Only the overall change and that during the rising and falling tides were 
considered. Higher frequency measurements were available (every ten minutes). 
However, it was found that during such short time intervals measurement errors were 
greater than changes in morphology, particularly at Perranporth where changes III 
morphology were very small. 
Morphological adjustments were normally greatest in the swash zone, where accretion 
was measured during all tides. Further offshore erosion was normally measured. Swash 
zone accretion was greater at Sennen (Llz = 6 - IDem) than at Perranporth 
(LIz = I - 2 cm). The greatest accretion occurred around the lower swash zone on both 
beaches and decreased moving onshore. Swash flowed over an unsaturated beach face 
during the rising tide at Sennen (section 4.4, pg. 68). However, the majority of accretion 
did not normally occur at this time. During tide 5 accretion was greatest during the 
falling tide, during tide 9 it remained similar throughout and during tide 17 it was 
greatest during the rising tide. If net infiltration losses were responsible for swash zone 
accretion, then this should have been consistently observed during the rising tide. This 
may be due to the presence of the capillary fringe altering beach face saturation (e.g., 
Turner & Nielsen, 1997). Therefore, net infiltration cannot be the primary controller of 
sediment transport in the swash zone at either Perranporth or Sennen. 
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4.6 Summary 
Field studies were carried out on a gently-sloping (Perranporth) and steep (Sennen) 
beach. An investigation of the wave conditions and general beach characteristics was 
carried out at both field sites. This included an assessment of beach slopes, grain size 
distributions, tidal ranges, offshore and nearshore significant wave heights and periods, 
beach classification, still water levels, swash zone widths, watertable variations and 
morphological adjustments over tides, during tides and along different cross-shore 
transects. On both beaches, measurements were consistent with those made during 
previous studies (e.g., Hardisty et aI., 1984; Hughes et al., 1997; Masselink & Hughes, 
1998; Butt & Russell, 1999; Osborne & Rooker, 1999; Puleo et al., 2000). This not only 
provides a sound basis for a swash zone study, but also justifies comparison of swash 
zone hydrodynamics, sediment transport and modelling with published literature in 
subsequent chapters. 
The swash zone at Sennen was steeper and the mean median grain size was greater 
(tan ~ = 0.09; d50 = 0.55 mm) than at Perranporth (tan ~ = 0.03; d50 = 0.27 mm). The 
mean significant nearshore wave height at Perranporth (H1/3 = 0.87 m, s.d. 0.29 m) and 
Sennen (H1/3= 0.74 m, s.d. 0.21 m) were similar and their variability's were high. Long 
period wave motions (T1I3 = 10 - 12 s) accompanied large waves on both beaches. Small 
waves had shorter periods (TJ/3 = 6 - 9 s). Incident frequency water motions dominated 
the nearshore, but when significant nearshore wave heights were large the contribution at 
infragravity frequencies increased. The mean swash zone width at Perranporth 
(Swidth = 25 m, s.d. 7 m) was around three times greater than at Sennen (Swidth = 9 m, 
s.d. 3 m). The main factor causing this difference was the greater beach slope at Sennen. 
The mean surf scaling parameters (Guza & Bowen, 1976) at Perranporth and Sennen 
were SSP = 63 (s.d. 38) and SSP = 6 (s.d. 2) respectively. According to the classification 
of Wright & Short (1983), Perranporth can be classified as dissipative and Sennen as 
steeper-intermediate. 
During the rising tide at Sennen, swash flowed over an unsaturated bed. This also 
occurred for around one-hour centred on high tide during spring tides at Perranporth. 
Groundwater variations were compared to morphological adjustments during the rising 
and falling tides. Swash zone accretion was not greater when the beach face was 
unsaturated compared to when it was saturated. This may be due to the presence of the 
capillary fringe altering beach face saturation (e.g., Turner & Nielsen, 1997). Therefore, 
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net infiltration is not the primary factor controlling accretion in the swash zone at either 
Perranporth or Sennen. 
The greatest morphological adjustments during the entire fieldwork (Perranporth: 
& ~ ± 30 cm; Sennen: & = ± 60 cm), individual tides (Perranporth: & = ± 8 cm; 
Sennen: & '" ± 17 cm) and tidal stages (Perranporth: & '" ± 3 cm; Sennen: & '" ± 10 cm) 
were around twice as high at Sennen. The mean change in beach elevation in the swash 
zone over tides was also twice as high at Sennen (& = 2.0 cm, s.d. 1.2 cm) compared to 
Perranporth (& = 1.0 cm, s.d. 0.5 cm). This confirms that, at least when measurements 
were made at Perranporth and Sennen, that the swash zone is a region where beach face 
accretion occurs, even when waves heights are large. These results are consistent with 
previous authors who have shown that morphological changes are generally greater on 
steeper beach faces (e.g., Komar, 1998). Comprehensive morphological data sets to 
compliment measurements made at hydrodynamic and sediment transport stations are 
rare. These morphological data sets can be used to independently test models developed 
using high frequency measurements against measured changes in beach morphology 
(Chapter 7, pg. 131). 
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CHAPT ER 5: PRELIMINARY TIME SERIES ANALYSIS 
5.1 Introduction 
The position of th e water line is controlled by the beach characteristics, wave 
al conditions. This causes the swash zone to occasionally experience 
d the surf zone to become intermittently exposed and subjected to 
chapter, the time series collected are inspected, prior to their use in 
ata were collected at high tide, since the location of the nearshore 
re or less stationary at this time. 
environment and tid 
surf zone bores, an 
swash action. In this 
detailed analysis. D 
regions remained mo 
The resulting swash zone time series were two to three hours long, and the inner surf 
e to four hours in duration. The length of the time series depended 
e tidal conditions. All tides were inspected and suitable tides (three at 
time series were thre 
predominantly on th 
Perranporth and two at Sennen) were selected for analysis. Only high tides occurring in 
used, since the OES blocked out at their peak voltage in daylight. 
ere the only ones suitable for further analysis out of those measured. 
tides pal", P01b and pal" at Perranporth, and tides S02a and S02b at 
defined in section 4.2, pg. 54). The data collected were calibrated as 
3.3.1 (pg. 36). To give an estimation of the relative position of the 
swash zone, the percentage of the time when the water depth was 
rmined for each tide (% submerged). A summary of the general 
se tides is presented in Table 5.1. 
total darkness were 
The selected tides w 
The tides used were 
Sennen (these were 
described in section 
swash station in the 
above zero was dete 
characteristics of the 
Table 5.1: Summary 
the selected tides 
of generalflow hydrodynamics at Perranporth (Pal) and Sennen (S02) for 
showing: beach slope (tan {3), median grain diameter (dso), significant 
nearshore wave heigh t (HI/J) and period (TIIJ), significant offihore wave height (H.) and period 
ash zone (sw;d,,J, surfscalingparameter (SSP) and the percentage of time 
hat the swash station was submer ed % submer ed . 
(T.), width of the sw 
t 
Perranporth 
Tide tan f3 dso H. T. SWidth SSP % submerged 
(m 
POl" 0.021 0.2 
m~ __ ~~ __ ~L-__ ~~ ____ (~s)L-__ ~~ __ ~~ ____ ~7-~ 
7 6 107 27 
pol 
POle 
S02" 
S02' 
0.047 
0.034 
0.079 
0.079 
0.2 7 1.09 9.4 1.9 9 
0.2 7 1.11 12.6 2.2 12 
0.55 
0.55 
0.77 
0.66 
14.1 
9.4 
Sennen 
78 
27 34 48 
32 45 10 
9 6 31 
8 7 7 
Each tide experienced varying conditions and the swash station was located at different 
positions in the swash zone. This allowed analysis over a wide range of conditions in the 
swash zone of both beaches. Unless otherwise stated the "water velocity" refers to the 
"cross-shore velocity". This chapter begins by presenting the raw calibrated time series 
from the swash station during each tide (section 5.2, pg. 79). A Iow-pass Filter was 
applied and adjustments were made to improve data quality. Concurrent pre-processed 
time series from both the swash and inner surf zones are then presented and the general 
characteristics of the uprushes and backwashes are determined. The time series were 
converted to the frequency domain using spectral analysis (section 5.3, pg. 91). In each 
section, the figures presented are from tide par at Perranporth and tide S02b at Sennen. 
Those from the other tides used are shown in Figures A3-l (pg. V) to A3- I 2 (pg. XVI) in 
Appendix 3. Table 5.2 gives a summary of the figures contained in this chapter. 
Table 5.2. . Summary 0 (fiKUres related to Chapter 5 at Perranporth (POJ) and Sen nen (S02) . 
Tide Station Raw Prepared Prepared Spectra 
position swash swash inner surf 
POl" 5.1 5.2 5.4 5.6 5.S 
POl b AI-l AlA AI-7 AI-1O 
POlo AI-2 Al-5 AI-S AI-ll 
S02' AI-3 AI-6 AI-9 AI-12 
. S02b 5.3 5.5 5.7 5.9 
5.2 Time series 
Data from the swash station were used to investigate flow hydrodynamics and suspended 
sediment concentrations in the swash zone. The swash station was positioned between 
the stilI water level and the wave run-up limit at high tide. The inner surf station was 
located offshore of the SWL at high tide, so the bed commonly remained wet between 
onshore and offshore water motions at high tide (Figure 5.1, pg. 80). The swash zone 
can be defined as "the portion of the nearshore region where the beach face is alternately 
covered by the run-up of uprushes and exposed by backwashes" (Komar, 1998). By 
definition, the swash zone must therefore dry between swashes. It is noted in passing 
that some previous studies must have used alternative definitions, since their time series 
indicate that the bed did not dry in this way (e.g., Butt & Russell, 1999). 
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Figure 5.1: Cross-shore location (x) of the hydrodynamic and sediment transport stations at 
(a) Perranporth and (b) Sennen relative to the wave run-up limit (Rn,..) and still water level at 
high tide (SWL). 
The raw calibrated time series of water depth, h (m), water velocity, u (m S·I), along-
shore velocity, v (m S·I) and suspended sediment concentration, C (kg m .3) at Perranporth 
(tide pal") and Sennen (tide S02b) are shown in Figures 5.2 (pg. 81) and 5.3 (pg. 82). 
The water depth is strictly speaking the elevation of the water above the uppermost PT. 
This sensor was maintained as far as practically possible at the bed, so this was assumed 
to be the water depth. Time series from the other tides used are presented in Figures 
A3-1 (pg. V) to A3-3 (VII) in Appendix 3. Time series were available of the suspended 
sediment concentration between z = 1 - 20 cm. In this section, only suspended sediment 
concentrations recorded at z = 1 cm, 3 cm and 5 cm above the bed are shown for 
simplicity. Only Butt & Russell (1999) and Puleo et al. (2000) have previously 
measured suspended sediment concentrations this close to the bed in the field. 
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Figure 5.2: Raw swash zone time series at Perranporth during tide por showing the variation in 
(a) water depth (b), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-shore water 
velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) 1 cm, (e) 3 cm and 
(f) 5 cm above the bed. 
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Figure 5.3: Raw swash zone time series at Sennen during tide S02b showing the variation in 
(a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-shore water 
velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) 1 cm, (e) 3 cm and 
(f) 5 cm above the bed. 
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Inspection of the raw time series reveals that some characteristics require attention prior 
to detailed analysis. The EMCMs were out of phase with the other time series. In 
accordance with the Valeport manual, the delay due to internal filtering was 1.75 s. The 
water velocity time series were shifted backwards by 1.75 s to ensure that measurements 
from all sensors were concurrent. The raw time series of suspended sediment 
concentration show that the upper limit of the aBS was reached during some events, 
particularly at the start of up rushes. During all tides, this occurred for a short time (i.e., 
the first half a second) of some uprushes. During tide S02a, saturation of the lowermost 
aBSs occurred regularly. This is indicated by the horizontal suspended sediment 
concentration trace for long periods of time (i.e., for up to 10 s), between events and at 
the start of uprushes. At the start of uprushes, saturation of the aBS was caused by 
their upper threshold being exceeded (i.e., C ~ 200 kg m·3). Between events, light 
contamination caused this limit to be reached. During all daytime runs, the suspended 
sediment concentration measurements were saturated, which decreased the quality of 
these time series. For this reason, only hydrodynamic and suspended sediment 
concentration measurements made entirely at night were used. Electric lamps were used 
on the beach during tide S02a for maintaining and moving beach cameras. This explains 
why aBS saturation was most apparent during this tide. To improve the quality of the 
aBS data (at least partially), the readings at all sensors were forced to zero when the 
water depth time series indicated that water flowed beneath them. 
Spikes were visible in the water velocity time series at the start of up rushes and the end 
of backwashes. These were caused by measurement difficulties associated with the 
wetting and drying of the EMCMs (e.g., Butt, 1999). It is considered that these spikes 
were too high to be due to the effects of turbulence. To deal with this, all time series 
were low-pass filtered to 1.5 Hz. This filter was found to be sufficient to remove spikes 
without disrupting general trends in the time series. 
Water flowed under the EMCMs at the end of backwashes. This is an inherent difficulty 
when measuring shallow swash flows, particularly during backwashes. Many previous 
authors have not accounted for this (e.g., Masselink & Hughes, 1998). However, 
sediment transport at the end of back washes is high (e.g., Puleo et al., 2000). This time 
was therefore not disregarded. From the time when the top PT indicated that the water 
flowed below the EMCMs (i.e., below z = 3 cm and z = 6 cm for the lower and upper 
sensors respectively) until the end of the backwash (i.e., until the PT indicated that the 
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water depth was zero), the water velocity time series were replaced by extrapolated 
values. These data were determined using a second order polynomial fit based on the 
part of each backwash where water flowed above the respective EMCMs. As a result, the 
mean time during which the backwash water velocity data were extrapolated at z = 3 cm 
(z = 6 cm) was 4.9 s, s.d. 5.3 s (9.7 s, s.d. 3.3 s) at Perranporth and 0.9 s, s.d. 0.4 s (1.7 s, 
s.d. 3.1 s) at Sennen. It is accepted that since the extrapolated values are not real 
measurements, errors are likely to result from this analysis technique. However, it is 
considered that these errors are likely to be lower than if this time was disregarded 
completely. The resulting pre-processed swash zone time series at Perranporth (tide 
pal") and Sennen (tide S02b) are presented in Figures 5.4 (pg. 85) and 5.5 (pg. 86). 
Those from other tides are shown in Figures A3-4 (pg. VIII) to A3-6 (pg. X) in Appendix 
3. 
During all tides, the quality of the water depth, water velocity and suspended sediment 
concentration data were improved by the pre-processing. The pre-processed time series 
were concurrent and aDS saturation was not apparent between swashes. However, the 
upper limit of the lowermost aDS was still reached at the start of uprushes during some 
events. It is considered that the quality of the hydrodynamic and suspended sediment 
concentration data collected could not be improved by further pre-processing. 
The pre-processed time series exhibited many ofthe general trends observed by previous 
authors: (i) maximum water velocities occur close to the start of up rushes, (ii) maximum 
backwash water velocities occur close to the end of swashes, (iii) the water velocity time 
series has a saw-tooth shape, (iv) along-shore water velocities were under half those in 
the cross-shore direction, (v) suspended sediment concentrations increase towards the 
bed (Masselink & Hughes, 1998; Puleo et a!., 2000). Comparison with Table 5.1 
(pg. 78) reveals that when significant wave heights increased the water velocity, water 
depth and suspended sediment concentrations did not necessarily (e.g., Butt, 1999). 
When the water velocity time series are closely inspected, a water velocity shear is 
apparent between the EMCMs at z = 3 cm and z = 6 cm. The EMCM at z = 6 cm 
consistently recorded higher water velocities than at z = 3 cm, indicating the existence of 
a water velocity shear. 
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Comparisons between time series show that swashes occurred predominantly at 
infragravity frequencies at Perranporth (T ~ 30 - 80 s) and incident frequencies at Sennen 
(T ~ 10 - 13 s). Previous authors have shown that water oscillations in the swash zone 
are generally at infragravity frequencies on gently-sloping beaches and incident 
frequencies on steep beaches, due to surf zone saturation on gently-sloping foreshores 
(e.g., Holman, 1981; Wright, 1982). 
The time series were inspected and all distinct swashes were isolated. Only swashes 
where the bed dried (i.e., the water depth was zero) both before and after the swash were 
considered (around 60% of events). The swashes were divided into uprushes and 
backwashes. Flow reversal was defined to occur when the water velocity at z = 3 cm 
became offshore. The general characteristics of each uprush and backwash were 
determined. These are shown for each uprush and backwash in Tables A4-1 (pg. XVII) 
to A4-5 (pg. XXI) in Appendix 4. The mean characteristics are summarised in Table 5.3. 
Table 5.3: Summary of hydrodynamics and suspended sediment concentrations during uprushes 
(subscript u) and backwashes (subscript b) at Perranporth (POl) and Sennerl (S02) showing: 
number of events (N). duration (D). cross-shore water velocity at z = 3 cm above the bed (u). 
water depth (h) and suspended sediment concentration (e). The caret symbol denotes peak. 
Study N Do f.~ Uu Ub hu hb Cu Cb (-) (s) ~m S') _(m s') (m) Jm) (kg m·3) (kg m·3) 
POlO mean 40 11.5 21.8 1.49 -1.15 0.14 0.13 156 65 
s.d. 
- 3.3 7.0 0.43 0.48 0.07 0.07 57 37 
POi' mean 48 7.3 13.4 1.46 -1.28 0.13 0.12 129 67 
s.d. 
-
2.2 4.3 0.42 0.48 0.06 0.06 54 43 
POlo mean 33 6.8 14.0 1.58 -1.35 0.10 0.10 80 47 
s.d. 
- 1.3 3.8 0.37 0.65 0.05 0.04 53 25 
S02° mean 38 3.7 6.4 1.49 -1.81 0.25 0.24 202 129 
s.d. - 0.9 2.2 0.38 0.44 0.10 0.10 61 54 
S02" mean 132 3.8 4.3 2.36 -2.57 0.32 0.28 197 72 
s.d. 
-
0.6 1.0 0.51 0.56 0.10 0.08 32 51 
Backwashes were longer in duration than uprushes by between 13% and 105% (normally 
close to the upper limit of this range) at both field sites. The maximum water velocity 
during uprushes and backwashes were similar at both field sites. At Perranporth, the 
maximum water velocity was lower during uprushes (by 17% - 32%), whilst at Sennen it 
was marginally higher during uprushes (by 9% - 21 %). The maximum water depths 
were similar during uprushes and backwashes, due to the water depth reaching its 
maximum at flow reversal. 
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Suspended sediment concentrations were 1.6 to 2.7 times greater during uprushes than 
backwashes. This highlights that there must be considerable differences between flow 
hydrodynamics during uprushes and backwashes. Since uprushes and backwashes had 
reasonably similar water velocities, but suspended sediment concentrations were 
considerably higher during the fonner, the water velocity at a fixed elevation cannot be 
the only factor controlling swash zone sediment transport. This provides evidence that 
the greater bed shear stresses during uprushes have important effects on sediment 
suspension and transport (e.g., Conley & Griffin, in press). 
Comparisons between beaches show that at Sennen: (i) swashes had shorter durations 
(Perranporth: D ~ 17 - 33 s; Sennen: D ~ 8 - 10 s), (ii) maximum water velocities were 
higher (Perranporth: u ~ 1.2 - 1.6 m S·l; Sennen: u ~ 1.5 - 2.6 m s·\ (iii) swashes were 
deeper (Perranporth: h ~ 10 - 14 cm; Sennen: h ~ 24 - 32 cm) and (iv) suspended 
sediment concentrations were higher (Perranporth: C ~ 47 - 156 kg m· l ; Sennen: 
C ~ 72 - 202 kg m· l ). This indicates that flow hydrodynamics in the swash zone at 
Sennen were more energetic than at Perranporth (e.g., Holman, 1981; Wright, 1982), 
which led to greater sediment suspension and transport. 
The inner surf zone time series were pre-processed using the same methods as in the 
swash zone. The pre-processed inner surf zone time series around high tide at 
Perranporth (tide pal") and Sennen (tide S02b) are presented in Figures 5.6 (pg. 89) and 
5.7 (pg. 90). Those from other tides are shown in Figures A3-7 (pg. XI) to A3-9 (XIII) in 
Appendix 3. 
During all tides, the bed in the high tide inner surf zone remained pennanently wet. 
Water motions in the inner surf zone of both beaches were at infragravity frequencies 
(T ~ 60 s), with incident frequency water oscillations superimposed (T = 7 - 10 s). The 
dominance of infragravity-scale water oscillations was greater at Perranporth. During 
large infragravity frequency swashes, the water depth in the inner surf zone of both 
beaches increased by around 50 cm. Infragravity frequency water motions were not 
apparent in the time series during tide S02b. 
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Figure 5.6: Pre-processed inner surf time series around high tide at Perranporth during tide 
por showing the variation in (a) water depth (h), (b) cross-shore water velocity at 3 cm and 
6 cm (u), (c) along-shore water velocity at 3 cm and 6 cm (v) and suspended sediment 
concentration at (d) 1 cm, (e) 3 cm and (f) 5 cm above the bed. 
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Figure 5.7: Pre-processed inner surf time series around high tide at Sennen during tide SOt' 
showing the variation in (a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), 
(c) along-shore water velocity at 3 cm and 6 cm (v) and suspended sediment concentration at 
(d) 1 cm, (e) 3 cm and (j) 5 cm above the bed. 
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The largest suspension events and water velocities occurred at infragravity frequencies in 
the inner surf zone of both beaches. High suspended sediment concentrations were 
coincident with high water velocities and thus large bed shear stresses. At Perranporth, 
the highest suspended sediment concentrations in the inner surf zone were coincident 
with strong offshore infragravity frequency flows, whereas at Sennen large suspended 
sediment concentrations occurred when both along-shore and cross-shore water 
velocities were high. 
The maximum water velocities in the inner surf zone were around half those in the swash 
zone at both Perranporth (u '" 0.4 - 1.3 m S·I) and Sennen (u = 0.8 - 2.2 m S·I). Offshore 
water motions were normally 'cut off by onshore water motions before the maximum 
water velocity was attained. As in the swash zone, along-shore water velocities were less 
than half their corresponding cross-shore components during all tides. Maximum 
suspended sediment concentrations in the inner surf zone (at z = 3 cm) were around two 
to seven times less than those in the swash zone. This is consistent with Beach and 
Sternberg (199 I) who found that suspended sediment concentrations in the swash zone 
were up to nine times those in the inner surf zone. Suspended sediment concentrations 
were greatest when flows were shallow and water velocities were high. In the inner surf 
zone of both beaches, the highest suspended sediment concentrations were measured 
during the transition from offshore to onshore water motions. Therefore, flow 
hydrodynamics in the inner surf and swash zones are markedly different. 
5.3 Spectral analysis 
Time series from both the swash and inner surf zones were converted to the frequency 
domain using spectral analysis. The application of spectral analysis to swash zone data 
may not be appropriate, since the time series are both irregular and discontinuous 
(section 2.3.2, pg. 11). Therefore, the results of spectral analysis on swash zone time 
series should be treated cautiously. Nonetheless, previous authors have applied spectral 
techniques to swash zone series (e.g., Osborne & Rooker, 1999). In the inner surf zone, 
spectral analysis is considered appropriate and has been used by numerous previous 
authors (e.g., Guza & Thornton, 1982; Kinsman, 1984; Holman & Sallenger, 1985; 
Hardisty, 1993). Outside the surf zone, co-spectrums have shown that peak sediment 
transport is onshore at incident frequencies (e.g., Huntley & Hanes, 1987). Inside the 
surf zone, Russell (1993) showed that the greatest sediment transport is offshore at 
infragravity frequencies. 
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One-hour long sections of high tide pre-processed water velocity (at z = 3 cm) and 
suspended sediment concentration (at z = 3 cm) data from the swash and inner surf zones 
were converted to the frequency domain using spectral analysis (as described in 
section 4.3, pg. 60). Using Equation 2.3 (pg. 36), the confidence limit of the spectral 
estimates was 0.1. The auto-spectra, coherence-squared, phase and co-spectrum at 
Perranporth (tide POl") and Sennen (tide S02b) are presented in Figures 5.8 (pg. 93) and 
5.9 (pg. 94). Those from other tides are given in Figures A3-lO (pg. XIV) to A3-12 
(pg. XIV) in Appendix 3. 
At Perranporth, the auto-spectra of both the water velocity and suspended sediment 
concentration in the swash zone were dominated by infragravity frequency motions 
(T ~ 30 - 60 s). There were also smaller incident frequency water oscillations 
superimposed (T ~ 15 s). At Semlen, the auto-spectra were dominated by peaks at 
incident frequencies (T,., 11 - 13 s). When present, infragravity frequency water 
oscillations (T~ 30 - 60 s) at Sennen were smaller. Guza & Thomton (1982) showed 
that infragravity-scale water motions dominate dissipative beaches, whereas on reflective 
beaches incident frequency water motions are more prevalent. This analysis is therefore 
consistent with established theory and the results of Osbome & Rooker (1999). 
Only information from spectral analysis when the coherence-squared was greater than 
0.1 was considered reliable (Thompson, 1979). During all tides (except tide S02"), 
offshore sediment transport occurred at lower frequencies (i.e., f < 0.05 Hz) than onshore 
sediment transport (i.e., f = 0.02 - 0.2 Hz). During tide S02", sediment was transported 
offshore at all frequencies to f= 0.2 Hz). This was caused by the OBS blocking out at 
their peak voltage, particularly during uprushes. Butt & Russell (1999) found that 
onshore sediment transport occurred at incident frequencies and offshore sediment 
transport at infragravity frequencies at Perranporth. This is consistent with the present 
study, but onshore sediment transport also occurs at infragravity frequencies 
(i.e., f = 0.02 Hz) at Perranporth. When offshore (onshore) sediment transport occurred, 
there was a phase difference of 90" (0) between the water velocity and suspended 
sediment concentration. These phase differences are typical of infragravity and incident 
frequency water oscillations respectively (e.g., Guza & Thomton, 1982). 
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Figure 5.9: (i) Power spectral density ofu ((m S·I/ Hz· I). (ii) power spectral density of 
C ((kg m·3/ Hz· I). (iii) co-spectrum ofu and C (kg m·2 S·I). (iv) phase between u and C (degrees) 
and (v) coherence-squared between u and Cat Sennen during tide SOt' in the (a) swash and 
(b) inner surjzones. The dotted line on the auto-spectra and co-spectrum gives the 95% 
confidence interval. The dotted line on the coherence-squared gives the significance coherence 
level (Thompson. 1979). 
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The dominant frequencies in the inner surf zone auto-spectra were the same as those in 
the swash zone, though the spectral density of the water velocity and suspended sediment 
concentration differed (they were generally slightly lower). As a result, at times when 
the confidence limit (also 0.1) was exceeded, variations with frequency in the co-
spectrums were similar, but the magnitude of the co-spectrum differed according to the 
strength of the signal in the auto-spectra. 
5.4 Summary 
A preliminary analysis of the swash and inner surf zone time series was carried out at 
both field sites. To improve the quality of the time series for subsequent analysis they 
were pre-processed by: (i) shifting the water velocity time series backwards by 1.75 s, 
(ii) forcing the readings at all sensors to zero when water flowed beneath them, (iii) low-
pass filtering the time series to 1.5 Hz and (iv) extrapolating the water velocity time 
series at the end of back washes. The swash zone time series were clean and exhibited the 
general trends observed by previous authors (e.g., Masselink & Hughes, 1998; Butt, 
1999), such as: (i) high flow velocities occurred close to the start of uprushes and the end 
of backwashes, (ii) the water velocity time series had saw-tooth shapes, (iii) cross-shore 
water velocities were over twice those in the along-shore direction and (iv) suspended 
sediment concentrations were high and increased towards the bed. 
Swashes were selected during each tide in order to investigate their general 
characteristics. Only events where the water depth reached zero before and after the 
swash were used. This analysis revealed a number of differences between swash on 
gently-sloping and steep beaches. On steep beaches: (i) uprush and backwash water 
velocities were higher, (ii) swashes were deeper, (iii) events were shorter in duration and 
(iv) suspended sediment concentrations were higher. When uprushes and backwashes 
were compared, it was found that on both beaches uprushes were shorter in duration and 
had higher maximum suspended sediment concentrations, despite the peaks in the water 
velocity and water depth being similar. The flow velocity at a fixed water depth cannot 
therefore be the only important mechanism controlling swash zone sediment transport. 
This indicates that the greater bed shear stresses during uprushes (e.g., Conley & Griffin, 
in press) contribute to sediment transport during uprushes to be greater than during 
backwashes. 
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Water velocities in the swash zone were around twice those in the inner surf zone during 
both onshore and offshore water motions. The water depth in the inner surf zone was 
also higher, so that the bed rarely dried at high tide. Suspended sediment concentrations 
were two to seven times greater in the swash zone than in the inner surf zone. This is 
similar to the nine times reported by Beach & Sternberg (1991). When water depths 
were low and flow velocities were high, large suspended sediment concentrations were 
recorded. 
In both the swash and inner surf zones, infra gravity-scale water motions were measured 
on both beaches, with smaller incident frequency water oscillations superimposed. 
Incident frequency water motions dominated the water velocity and suspended sediment 
concentration time series at Sennen (T ~ 15 s), whereas the infragravity frequency 
contribution (T ~ 30 - 60 s) was greater at Perranporth. This fundamental difference 
between gently-sloping and steep beaches has been demonstrated by numerous previous 
authors (e.g., Holman, 1981; Wright, 1982). Onshore sediment transport occurred at 
higher frequencies in both the incident and infragravity bands (i.e.,f= 0.02 - 0.2 Hz), 
with no phase difference between the water velocity and suspended sediment 
concentration. 
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CHAPTER 6: FLOW HYDRODYNAMICS, SUSPENDED SEDIMENT 
CONCENTRATIONS AND SEDIMENT TRANSPORT 
6.1 Introduction 
Further field data are required before reliable sediment transport modelling can be carried 
out in the swash zone (e.g., Masselink & Hughes, 1998). In particular, it is necessary to 
improve measurements of vertically-integrated suspended sediment transport rates. In 
their absence, sediment transport modelling in the swash zone is likely to be unrealistic. 
Estimating suspended sediment transport rates normally involves using a number of point 
measurements (e.g., Puleo et al., 2000). Alternative techniques used elsewhere to 
measure suspended sediment transport rates (e.g., particle image velocimetry), remain 
beyond the state-of-the-art in the field swash zone. The objective of this chapter is to 
establish how the water velocity and suspended sediment concentration vary with 
elevation above the bed in the swash zone, so that vertically-integrated suspended 
sediment transport rates can be determined. 
Ensemble-averaging is used to investigate general trends in the water depth, water 
velocity (in both the along-shore and cross-shore directions), suspended sediment 
concentration and shear velocity (section 6.2, pg. 98). Previous studies, mostly carried 
out in the laboratory, have shed light on the shapes of water velocity and suspended 
sediment concentration profiles in the swash zone (e.g., Katapodi, 1994a, b; Ribberink & 
Al-Salem, 1994; Davies et al., 1997; Cowen et al., 2002; Raubenheimer & Elgar, in 
press). These authors have demonstrated that: (i) the water velocity increases 
logarithmically, at least between z = 0.1 cm and z = 8 cm above the bed and (ii) the 
suspended sediment concentration increases towards the bed. Instantaneous water 
velocity profiles during uprushes and backwashes are determined and the variation in the 
resulting bed shear stress is investigated (section 6.3, pg. 103). This is followed by the 
establishment of the shape of instantaneous suspended sediment concentration profiles 
using the field data collected (section 6.4, pg. 108) The sediment diffusion model of 
Nielsen (1979) is then used to describe the variation in suspended sediment concentration 
profiles. 
Using the instantaneous water velocity and suspended sediment concentration profiles (as 
well as the water depth), instantaneous vertically-integrated dry mass suspended 
sediment transport rates and the total sediment transport over swashes is established 
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(section 6.5, pg. 118). This is compared to the total load dry mass sediment transport 
measured using streamer traps. This chapter concludes by considering vertical variations 
in suspended sediment transport rates in the swash zone. 
6.2 Ensemble-averaging 
Ensemble-averaging has become a widely used method in swash zone research (e.g., 
Masselink & Hughes, 1998; Osborne & Rooker, 1999; Puleo et al., 2000). The swashes 
were ensemble-averaged to allow investigation of the general and salient features of 
swash behaviour, without the added complication of singularities in the swash motion. 
Each uprush and backwash was re-sampled to a normalised time scale running from zero 
to one, with a sampling interval of !J.t / D = 0.01. The re-sampled swashes were 
subsequently combined by averaging their properties (e.g., water depth, water velocity 
and suspended sediment concentration). 
It has been shown in the laboratory that the water velocity in the swash zone decreases 
towards the bed during both uprushes and backwashes (e.g., Ribberink & Al-Salem, 
1995; Cowen et aI., 2002; Raubenheimer & Elgar, in press). During the present study, 
the water velocity was only measured at two elevations. Ideally, a whole vertical array of 
water velocity measurements would have been available. In the absence of these data, 
the 'law ofthe wall' equation can be used to describe logarithmic water velocity profiles 
(e.g., Raubenheimer & Elgar, in press). When the water velocity at two elevations 
(z1 and z2) are known, the shear velocity can be determined using Equation 6.l, 
providing that both measurements are within the boundary layer. It was assumed that the 
boundary layer at Perranporth and Sennen extended to at least z = 6 cm above the bed 
(e.g., Cowen et al., 2002). Therefore, both EMCMs were positioned within the boundary 
layer. It was also assumed that von Karman's constant was k = 0.41 and that the affects 
of high suspended sediment concentrations on this constant were negligible. 
u* = u(z2) - u(zl) 
..!..In(Z2) 
K zl 
(6.1) 
A time series of the instantaneous shear velocity was generated using Equation 6.1 and 
the instantaneous water velocity at z1 = 6 cm and z2 = 3 cm. Time series of the bed shear 
stress were then determined at each data point using Equation 2.5 (pg. 41). 
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(2.5) 
The shear velocity and bed shear stress time series were also normalised by time 
(,1( / D = 0.01) during each uprush and backwash. It is considered inappropriate to use 
extrapolated water velocity data in the determination of the shear velocity and bed shear 
stress. During all swashes, the extrapolated part of the backwash did not account for 
more than 40% of the event. Therefore, only the first 60% of backwashes were 
considered when determining ensemble-averaged shear velocities and bed shear stresses. 
The ensemble-averaged swash characteristics at Perranporth (tide par) and Sennen (tide 
S02b) are presented in Figure 6.1 (pg. 100) and 6.2 (pg. 101). Those from the other tides 
used are shown in Figures A5-1 (pg. XXIV) to A5-3 (pg. XXVI) in Appendix 5. 
At both field sites, the water depth increased steadily to its maximum close to the start of 
uprushes, and remained around this level until flow reversal. It then fell steadily towards 
the end of backwashes. Water depths at Sennen (h = 15 - 30 cm) were greater than at 
Perranporth (h = 10 - 12 cm). Peaks in suspended sediment concentration were reached 
close to the start of uprushes. Maximum suspended sediment concentrations 
(at z = 3 cm) at Sennen (C = 180 - 200 kg m'l) were greater than at Perranporth 
(C = 60 - 130 kg m'3). As uprushes proceeded, suspended sediment concentrations 
steadily fell. At flow reversal, suspended sediment remained present in the water 
column. The suspended sediment concentration at this time was greater at Sennen 
(C = 30 - 50 kg m'l) than at Perranporth (C = 5 - 15 kg m'l). This was due to sediment 
having insufficient time to settle out, particularly during the shorter duration swashes at 
Sennen, During backwashes, the highest suspended sediment concentrations were 
recorded close to the end of the swash. The maximum suspended sediment 
concentrations during backwashes at Sennen (C = 50 - 100 kg m'l) were also greater than 
at Perranporth (C = 30 - 50 kg m'l). The suspended sediment concentration fell during 
the final part of backwashes. This is a manifestation of the technique rather than the 
general characteristics. Water flowed under sensors at different times during each 
backwash. When this occurred, the reading at that sensor was forced to zero, This leads 
to the truncation of suspended sediment concentrations at the end of backwashes, 
Suspended sediment concentrations increased towards the bed throughout. The variation 
in suspended sediment concentration with elevation above the bed is investigated in 
greater detail in section 6.4 (pg. 108). 
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Figure 6.1: Ensemble-averages of the variation in (a) water depth (h), suspended sediment 
concentration (C) at (b) 3 cm and (c) 6 cm, magnitude of cross-shore water velocity (/uP at 
(d) 3 cm and (e) 6 cm, (f) along-shore water velocity (v) at 3 cm, (g) shear velocity (u*) between 
3 cm and 6 cm above the bed and (h) bed shear stress (Tb) for (i) uprushes and (ii) backwashes at 
Perranporth during tide por. The dotted lines indicate one standard deviation. 
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Figure 6.2: Ensemble-averages of the variation in (a) water depth (h), suspended sediment 
concentration (C) at (b) 3 cm and (c) 6 cm, magnitude of cross-shore water velocity (!up at 
(d) 3 cm and (e) 6 cm, (f) along-shore water velocity (v) at 3 cm, (g) shear velocity (u*) between 
3 cm and 6 cm above the bed and (h) bed shear stress (ob) for (i) uprushes and (ii) backwashes at 
Sennen during tide S02b. The dotted lines indicate one standard deviation. 
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The cross-shore water velocity (at z = 3 cm) also rose rapidly to its maximum close to the 
start of uprushes. The maximum ensemble-averaged cross-shore water velocity was 
greater at Sennen (u = 1.4 - 2.2 m S·I) than at Perranporth (u = 1.2 - 1.4 m S·I). Itthen fell 
steadily to zero by flow reversal. During backwashes, the cross-shore water velocity 
steadily increased until the end of this part of the swash cycle. The peak in cross-shore 
water velocity during backwashes was also greater at Sennen (u = 1.4 - 2.9 m S·I) than at 
Perranporth (u = 1.0 - 1.4 m S·I). The slight decrease in the rate of cross-shore water 
velocity increase towards the end of backwashes was caused by extrapolation of the 
water velocity when water flowed under the EMCMs. This was particularly apparent at 
Perranporth where more data were missing, because flows were shallower. It is 
anticipated, but not demonstrated, that in reality both the cross-shore water velocity and 
suspended sediment concentration decreased close to the end of backwashes. General 
trends in the cross-shore water velocity and suspended sediment concentration were 
similar, tentatively suggesting that they are related. 
No consistent trends were observed in the ensemble-average of the along-shore water 
velocity. The maximum cross-shore water velocity was around four times higher than 
the peak in along-shore water velocity. The maximum along-shore water velocity (at 
z = 3 cm) was slightly lower at Perranporth (v = 0.3 m S·I) than at Sennen (v = 0.4 m S·I). 
Peaks in the along-shore and cross-shore water velocities were generally, but not 
consistently, coincident. The direction of along-shore flows varied between tides and 
during swashes. This suggests that it is more appropriate to use cross-shore water 
velocities when modelling swash zone sediment transport (e.g., Hughes et al., 1997; 
Masselink & Hughes, 1998). Therefore, in subsequent analysis only the cross-shore 
water velocity (referred to as the water velocity) is considered. 
The shear velocity fluctuated (and was commonly negative) at the start of up rushes (i.e., 
t I Du < 0.3). This was caused by the flow reaching the lower EMCM before the upper 
EMCM. By t I Du = 0.3, the shear velocity had stabilised at u* = 0.2 - 0.3 m S-I. It then 
decreased steadily to zero by flow reversal. During backwashes, the shear velocity was 
initially zero, then increased with time until t I Db = 0.6. By this time, the shear velocity 
had reached u* = 0.05 - 0.25 m S·I. The shear velocity was therefore lower during 
backwashes than uprushes. Significant variations between tides were also apparent. 
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The bed shear stress was high at the start of uprushes (i.e., t / Du < 0.3), reaching up to 
Tb = 400 N m·2. However, these data should be ignored, since they were due to the 
negative shear velocities measured at this time. After the shear velocity had stabilised 
around t / Du = 0.3, the bed shear stress (initially at Tb = 20 - 100 N m·2) steadily began to 
fall towards zero at flow reversal. At the start of backwashes, the bed shear stress was 
initially Iow (i.e., below Tb < 5 N m·2). Potentially, at this time the boundary layer may 
have resided below 6 cm above the bed. The bed shear stress remained around this level 
until t / Db = 0.2 - 0.6. After this time, it increased during most tides (i.e., tides por, 
POlb, por and S02a), reaching similar levels to those at the start of uprushes (i.e., 
Tb = 5 - 100 N m·2). This analysis highlights a major difference between uprushes and 
backwashes. At the start of uprushes, the boundary layer is already well formed (i.e., 
above at least 3 cm above the bed). However, at the start of backwashes, the boundary 
layer is confined close to the bed (i.e., below 3 cm), since boundary layers require time to 
develop. 
6.3 Water velocity 
The vertically-integrated suspended sediment transport rate is controlled by the water 
depth and variations in the water velocity (water velocity profiles) and suspended 
sediment concentration (suspended sediment concentration profiles) with elevation above 
the bed. It was assumed that water velocity profiles during uprushes and backwashes 
were logarithmic and that the water velocity measurements in this study fit onto these 
profiles. When the shear velocity and water velocity at a fixed elevation are known, 
Equation 6.2 can be used to predict the water velocity at a particular depth, zl (m). 
( 
u * Zl) u(zl) = -;In-; +u(z) (6.2) 
The time series of the instantaneous shear velocity (between z = 3 cm and z = 6 cm) and 
the water velocity at z = 3 cm determined in section 5.2 (pg. 79) were used in this 
analysis. Equation 6.2 was used to estimate time series of the water velocity at the 
elevation of all OBS sensors. For each swash, these data were normalised by time 
(LIt / D = 0.0 I) during each uprush and backwash and ensemble-averaged. The variation 
in water velocity profiles at intervals of LIt / D = 0.1 during uprushes and backwashes are 
presented in Figures 6.3 (pg. 105) and 6.4 (pg. 106) respectively. The corresponding 
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water velocity profiles (from z = 0.1 - 1.5 cm) determined by Cowen et al. (2002) in the 
laboratory swash zone are shown in Figure 2.6 (pg. 16). 
During uprushes, the water velocity increased with elevation above the bed after 
t / Du '" 0.3. Prior to this time, the water velocity profile appeared to be reversed. This 
was again caused by the time difference between the first measurements at the lower and 
upper EMCMs. During the remainder of up rushes, water velocity profiles maintained a 
similar shape. At the start of backwashes, a slight reverse water velocity profile was 
again commonly observed (particularly at Perranporth). This was caused by the offshore 
flow close to the bed commencing before the onshore flow higher up the water column 
had ceased. This was observed up until around t / Db'" 0.2. The water velocity profiles 
then maintained a similar shape until t / Db = 0.6. The water velocity profiles after this 
time should be treated cautiously, because the water velocity inputs were extrapolated 
values. 
Equation 2.5 (pg. 41) was used to convert the shear velocity data to bed shear stress data 
at each normalised data point during each uprush and backwash. The mean water 
velocity, shear velocity and bed shear stress at each normalized time step were calculated 
for each tide. The mean and standard deviation of these data were then determined for 
uprushes and backwash, but omitting the start of uprushes (when the shear velocity was 
highly variable) and at the end of back washes (when extrapolated data were used). Thus, 
only the water velocity, shear velocity and bed shear stress from t / Du = 0.3 - 1.0 and 
t / Db = 0 - 0.6 were used. The results ofthis analysis are presented in Table 6.1. 
Table 6.1: Summary of the number of events used (N), mean waler velocity (u) at 3 cm, shear 
velocity (u*) between 3 cm and 6 cm and mean bed shear slress (rb) between 1/ Du = 0.3 -1.0 
and t / Db = 0 - 0.6 at Perranporlh (POl) and Sennen (S02). 
Uprushes Backwashe. 
pol" POlo POlo S02" S02" POl" POlo POl' S02" S02" 
N 40 48 33 38 132 40 48 33 38 132 
u mean 0.44 0.49 0.60 0.63 0.99 0.58 0.47 0.71 0.74 0.78 
(m SI) s.d. 0.25 0.22 0.30 0.36 0.60 0.27 0.21 0.33 0.34 0.39 
u* mean 0.06 0.12 0.05 0.12 0.04 0.05 0.03 0.02 0.10 0.02 
(rn SI) s.d. 0.04 0.05 0.01 0.06 0.02 0.D4 0.D4 0.02 0.09 om 
Tb mean 7.14 21.08 13.17 27.59 8.85 5.87 6.69 2.95 24.21 1.63 
(Nm·1) s.d. 7.63 14.80 12.60 19.15 4.43 8.16 9.52 3.73 28.34 0.71 
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Figure 6.3: Variation in the ensemble-averaged cross-shore water velocity (u in m S·I) with depth 
(z) during uprushes against time (t) normalised by the uprush duration (DJ at intervals of 
t / Du = 0.1 at Perranporth during tides (a) POl", (b) POlb, (c) Pale and at Sennen during tides 
(d) S02" and (e) S02b. The distance between the dotted lines represents 3 m S·I. 
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Figure 6.4: Variation in the ensemble-averaged cross-shore water velocity (u in m Si) with depth 
(z) during backwashes against time (t) normalised by the backwash duration (Db) at intervals of 
t / Db = 0.1 at Perranporth during tides (a) por, (b) POlb, (c) por and at Sennen during tides 
(d) SOl" and (e) S02b. The distance between the dotted lines represents 3 m S·l 
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The mean water velocity differed during uprushes and backwashes, as well as between 
tides. During uprushes (i.e., t / Du = 0.3 - 1.0), the mean water velocity was between 
24% slower and 27% faster than that during backwashes (i.e., t / Db = 0 - 0.6). However, 
the mean shear velocity during all uprushes (u * = 0.08 m s·t, s.d. 0.03 m S·l) was twice 
that during all backwashes (u* = 0.04 m s·t, s.d. 0.01 m S,l). The resulting mean bed 
shear stress for all uprushes and backwashes at Perranporth (uprushes: Tb = 13.8 N m,2, 
s.d. 5.7 N m,2; backwashes: Tb = 5.7 N m,2, s.d. 1.6 N m,2) and Sennen (uprushes: 
Tb = 18.2 N m,2, s.d. 12.9 N m·2; backwashes: Tb = 9.4 N m,2, s.d. 11.3 N m,2) were 
determined. The mean bed shear stress was therefore between 1.9 times and 2.4 times 
greater during uprushes compared backwashes at Sennen and Perranporth respectively. 
Conley & Griffin (in press) demonstrated using flush-mounted hot film shear sensors that 
bed shear stresses were twice as high during uprushes compared to backwashes. These 
results are consistent with this study. These authors ascribed the greater bed shear 
stresses during uprushes to the affects of net infiltration. However, this cannot be the 
case, because it was demonstrated in section 4.4 (pg. 68) that (at least at Perranporth and 
Sennen) net infiltration was negligible, because the bed in the swash zone of both 
beaches was normally saturated. 
The higher bed shear stress during uprushes has important implications for sediment 
transport modelling using water velocities as inputs. Models that assume that the bed 
shear stress is proportional to the water velocity-squared (e.g., Bagnold, 1963; Bailard, 
1981) will tend to relatively under,predict bed shear stresses during uprushes. When 
these models also assume that the friction coefficients during uprushes and backwashes 
are identical, this results in higher model calibration coefficients during uprushes. 
Previous applications of energetics-based models in the swash zone using the water 
velocity-squared as a surrogate for the bed shear stress (e.g., Masselink & Hughes, 1998) 
have shown that calibration coefficients are around twice as high during uprushes. This 
is (at least in part) caused by the greater bed shear stress during uprushes at a given water 
velocity. 
The results in this section should be treated cautiously. A number of assumptions have 
been made to facilitate this analysis, since water velocity data were only available at two 
elevations above the bed. Nonetheless, trends in shape of water velocity profiles, shear 
velocities and bed shear stresses are consistent with previous studies (e.g., Cowen et al., 
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2002; Conley & Griffin, in press). This justifies their usage in the determination of 
vertically-integrated suspended sediment transport rates. However, further research and 
technological developments are required to demonstrate conclusively differences in water 
velocity profiles and bed shear stresses during uprushes and backwashes in the field 
swash zone. 
6.4 Suspended sediment concentration 
Time series of the suspended sediment concentration were measured at nine elevations 
above the bed (from z = I - 20 cm). It was assumed that the bed was continuously at 
z = O. The only previous field swash zone study where measurements were made at such 
a high spatial resolution is that ofPuleo et al. (2000). These authors measured suspended 
sediment concentrations using miniature OBS every centimetre to z = 20 cm above the 
bed. The suspended sediment concentration at each OB S for all uprushes and 
backwashes were normalised relative to time (Lit / D = 0.01) and ensemble-averaged. 
The temporal variation in the suspended sediment concentration with elevation above the 
bed during each tide is presented in Figure 6.5 (pg. 109). 
The suspended sediment concentration increased towards the bed during both uprushes 
and backwashes. Close to the start of uprushes, large quantities of sediment were 
entrained into the water column (up to Cu ~ 200 kg m·l). The highest suspended 
sediment concentrations (i.e., C> lOO kg m·l ) were recorded close to the bed (at 
z = 1 cm) around the start of uprushes and end of backwashes. Maximum suspended 
sediment concentrations were greater during uprushes (i.e., Cu ~ 120 - 240 kg m·l ) than 
backwashes (i. e., Cb = 70 - 230 kg m'\ Peaks in suspended sediment concentrations 
close to the bed (i.e., z = 1 cm) were lower at Perranporth (Cu = 120 - 210 kg m·l ; 
Cb = 70 - 160 kg m·l ) than at Sennen (Cu = 180 - 240 kg m·l; Cb = 70 - 230 kg m·l). High 
suspended sediment concentrations (i.e., C> 100 kg m,l) were also recorded to higher 
above the bed at Sennen (i.e., to z ~ 10 cm) compared to Perranporth (i.e., to z ~ 5 cm). 
During tide S02a, suspended sediment concentrations close to the bed (i.e., around 
z= 1- 3 cm) exceeded the measurement limit of the OBS(i.e., the OBSwere saturated). 
During the first 60% of uprushes and the final 20% of backwashes suspended sediment 
concentrations at these elevations remained constant during this tide. This affect per se 
would cause net onshore sediment transport during this tide to be relatively under-
estimated. 
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Profiles of the ensemble-averaged suspended sediment concentration were extracted from 
Figure 6.5 at intervals of Lit / D = 0.1. These suspended sediment concentration profiles 
are shown for uprushes and backwashes in Figures 6.6 and 6.7 (pg. Ill) respectively. 
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Figure 6.6: Variation in the ensemble-averaged suspended sediment concentration (e in kg m-) 
with depth (z) during uprushes against time (t) normalised by the uprush duration (DJ at 
intervals oft / Du = 0.1 at Perranporth during tides (a) POl", (b) pot, (c) P01' and at Sennen 
during tides (d) S02a and (e) S02b. The distance between the dotted lines represents 300 kg m". 
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Figure 6.7: Variation in the ensemble-averaged suspended sediment concentration (e in kg m·3) 
with depth (z) during backwashes against time (t) normalised by the backwash duration (Db) at 
intervals oft / Db = 0.1 at Perranporth during tides (a) par, (b) pot, (c) Pale and at Sennen 
during tides (d) S02a and (e) soi. The distance between the dotted lines represents 300 kg m·3. 
The most striking feature of these suspended sediment concentration profiles is that the 
suspended sediment concentration increases towards the bed throughout both uprushes 
and backwashes. Suspended sediment concentrations have been shown to increase 
exponentially towards the bed by numerous authors in the surf zone (e.g., Nielsen, 1986; 
Masselink & Pattiaratchi, 1998), but not in the swash zone. Similar results are apparent 
in Figure 11 ofPuleo et al. (2000), but were not highlighted by these authors. 
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At Perranporth, suspended sediment concentration profiles were characterised by a low 
slope at the start of uprushes. As uprushes proceeded, the slope ofthese profiles steadily 
increased. Below z = 10 cm, the increase in the slope of profiles was caused by the rapid 
increase in suspended sediment concentration towards the bed. By the end of uprushes, 
profiles were steep, because the majority of sediment had settled out. At Sennen, profiles 
were similar to those at Perranporth at the start of uprushes, and also increased in slope 
with time. However, the slope of these profiles remained relatively low at the end of 
uprushes. Since uprush durations were shorter at Sennen, sediment had insufficient time 
to fully settle out. Therefore, at flow reversal significant quantities of sediment remained 
in suspension for subsequent water motions to transport offshore. 
At the start of backwashes suspended sediment concentration profiles had the same shape 
as those at the end of up rushes. Below z = 10 cm, these profiles decreased in slope until 
the end of backwashes. The slope of profiles was greater at the end .of the backwashes 
than at the start of uprushes. One explanation for this is that sediment suspension was 
depth limited at the end of backwashes, forcing sediment to remain closer to the bed than 
usual. 
Sediment held in suspension naturally falls towards the bed due to the force of gravity. 
The sediment diffusion model of Nielsen (1979) has been applied by many authors in the 
surf zone (e.g., Black & Rosenberg, 1991; Kroon, 1991; Osbome & Greenwood, 1993; 
Black et al., 1995; Masselink & Pattiaratchi, 1998; Green & Black, 1999; Voulgaris & 
Collins, 2000) to describe exponential suspended sediment concentration profiles. His 
model (Equation 2.12, pg. 25) is based on a balance between the upward sediment flux 
driven by the sediment concentration gradient and the downward flux due to the settling 
of particles. It was assumed that the shear stress and sediment diffusion coefficient were 
independent of depth. The sediment diffusion coefficient then describes the efficiency 
with which turbulent vortices entrain sediment (e.g., Vincent & Osbome, 1995). Under 
these conditions, the variation in suspended sediment concentration with depth can be 
described by sediment diffusion models (Equation 2.13, pg. 25). Alternatively, Rouse-
type models can be used (Equation 2.14, pg. 26). 
(2.13) 
(2.14) 
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Both the sediment diffusion model and the Rouse-type models were applied to the 
normalised suspended sediment concentration data between z = I cm and z = 5 cm above 
the bed during uprushes and backwashes. At each time step, a least-squares linear 
regression was carried out between the logarithm of the suspended sediment 
concentration at each OBS and the elevation of that sensor. The bed reference 
concentration for each was assumed to be the intersection between the regression line and 
the bed. The mixing length was taken as the slope of this line. Similarly, at each time 
step, the variables A and B were taken as the suspended sediment concentration at I m 
above the bed and the slope of the regression line between the logarithm of height above 
the bed and the logarithm of the suspended sediment concentration. When insufficient 
data at a particular time step were available for analysis due to the water depth being 
insufficient, all variables were forced to zero. All data, including regression coefficients, 
were ensemble-averaged to give the mean trends for each tide shown in Figures 6.8 (pg. 
114) and 6.9 (pg. 115). 
A comparison between the regression coefficients of both models was made. The 
regression coefficients using the sediment diffusion model were consistently slightly 
higher (by around R2 = 0.05) than those obtained using the Rouse-type relationship. 
Generally, sediment diffusion models are assumed to be more appropriate over rippled 
beds (e.g., Masselink & Pattiarattchi, 1998). However, this analysis shows that sediment 
diffusion models may be most appropriate in the swash zone during both uprushes and 
backwashes. Therefore, sediment diffusion models were used in subsequent analysis. 
Sediment transport in the swash zone occurs under sheet flow conditions (Masselink & 
Hughes, 1998). Suspended sediment concentrations in the sheet flow layer are at least an 
order of magnitude greater than higher above the bed (Dohmen-Janssen & Hanes, 2002). 
The sheet flow layer is between 10 and 60 times the median grain diameter (Dohmen-
Janssen & Hanes, 2002). Thus, the suspended sediment concentration measurements do 
not include the sheet flow layer. In this layer, where sediment transport may be 
significant, variations in suspended sediment concentration with depth remain unclear. 
The highest bed reference concentrations (except during tide S02a, due to OBS saturation) 
were recorded close to the start of the uprushes (t / Du ~ 0.2 - 0.3). As in the case of the 
suspended sediment concentration at z = I cm, maximum bed reference 
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Figure 6.8: Variation in the ensemble-averaged (i &iv) bed reference concentration (Co, solid) 
and suspended sediment concentration at 1 m above the bed (A, dashed), (ii and v) mixing length 
(I, solid) and slope of regression line of Rouse-type model (E, dashed) and (iii and vi) regression 
coefficients (R2) using the sediment diffusion (D, solid) and Rouse-type (R, dashed) models with 
time normalised by the uprush (DJ or backwash (Db) duration for (i - iii) uprushes and (iv - vi) 
backwashes at Perranporth during tides (a) por, (b) POlb and (c) POle. 
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Figure 6.9: Variation in the ensemble-averaged (i &iv) bed reference concentration (Co, solid) 
and suspended sediment concentration at 1 m above the bed (A, dashed), (ii and v) mixing length 
(I, solid) and slope of regression line of Rouse-type model (S, dashed) and (iii and vi) regression 
coefficients (R') using the sediment diffusion (D, solid) and Rouse-type (R, dashed) models with 
time normalised by the uprush (DJ or backwash (Db) duration for (i - iii) ufYUShes and (iv - vi) 
backwashes at Sennen during tides (a) S02" and (b) S02 . 
concentrations were higher during uprushes (Perranporth: Co = 90 - 250 kg m-3; Sennen: 
Co = 220 kg m-3) than during backwashes (Perranporth: Co = 50 - 180 kg m-3; Sennen: 
Co = 160 kg m-3). The maximum bed reference concentrations at Sennen were at the 
upper limits of the range at Perranporth. This is consistent with swash motions being 
more energetic at Sennen. Mixing lengths were greatest on both beaches around the start 
of up rushes (t I Du'" 0.2). This was partly due to saturation of the aBS close to the bed at 
the start (of at least some) uprushes, causing under-estimations of bed reference 
concentrations and over-estimations of mixing lengths. This may be enhanced by bore-
generated turbulence at the start of uprushes, leading to an increase in sediment mixing 
between successive layers. Mixing lengths then decreased steadily to the end of uprushes 
as the flows slowed and turbulence levels decreased (e.g., Osbome & Rooker, 1999). 
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During backwashes, mixing lengths remained relatively stable until around t I Db = 0.6, 
potentially due to the low (and relatively constant) turbulence levels at this time (i.e., 
Osborne & Rooker, 1999). At the end of backwashes at Perranporth, bed reference 
concentrations and mixing lengths fell to zero. However, at Sennen, similar trends were 
not observed. The differences between Perranporth and Sennen in this respect were 
caused by the water depth deceasing more rapidly at the end of backwashes at Sennen 
(section 6.2, pg. 98), so fewer suspended sediment concentration measurements were 
forced to zero at this field site. 
Mean bed reference concentrations and mixing lengths (and their associated standard 
deviations) were determined for each uprush and backwash. Table 6.2 shows a 
comparison between the results of the sediment diffusion model in this and previous 
studies. The mean mixing lengths and bed reference concentrations are stated in all 
previous studies, except that of Ribberink & AI-Salem (1994). The author analysed their 
data using the same methods as in this study to obtain these values. 
Table 6.2: Summary of diffusion model application in the swash and sw! zones shOWing: beach 
slope (tan {J}, mean bed reference concentration (Co) and mean mixing length (IJ. The studies 
considered are: BR91 (Black & Rosenberg, 1991), K91 (Kroon, 1991), OG93 (Osborne & 
Greenwood, 1993), RA94 (Ribberink & Al-Salem, 1994), B95 (Black et ai, 1995), MP98 
(Masselink & Pattiaratchi, 1998), GB99 (Green & Black, 1999), VCOO (Voulgaris & Collins, 
2000), P01 (Perranporth) and S02 (Sennen). The numbers in brackets give one standard 
deviation 
Study Location tan f3 Co I, 
(kg m·l ) (cm) 
. BR91 surf - 0.7 - 39 6- 39 
K91 surf 0.12 0.1 - 1.0 5 - 20 
OG93 surf 0.03 - 3 - 14 
RA94 swash 
- 6 - 23 6-7 
B95 surf 0.06' 
- 24 
MP98 surf 0.10 
- 1 - 2 
GB99 surf - - 4 - 10 
VCOO surf 0.06 0.6 - 1.0 7 - 51 
VCOO surf 0.02 0.2 - 1.2 4 - 85 
par uprush 0.03 117 (72) 3.2 (1.4) 
POl' backwash 0.03 79 (59) 1.8 (0.8) 
POlb uprush 0.03 98 (56) 3.8 (1.2) 
POlb backwash 0.03 87 (59) 2.7 (1.4) 
pal' uprush 0.03 53 (26) 3.3 (1.4) 
pal' backwash 0.03 28 (18) 2.6 (1.9) 
S02' uprush 0.09 346 (87) 3.3 (2.0) 
S02' backwash 0.09 340 (105) 2.4 (1.5) 
S02b uprush 0.09 153 (54) 6.5 (3.1) 
S02b backwash 0.09 97 (25) 2.7 (1.4) 
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Bed reference concentrations in the swash zone (laboratory and field) are greater than in 
the surf zone by two orders of magnitude. These results are in agreement with the 
findings of Beach and Sternberg (1991), who demonstrated that suspended sediment 
concentrations in the swash zone are around nine times those in the surf zone. Mean 
mixing lengths in the swash zone were around the lower limit of those determined in the 
surf zone. In the surf zone, mixing lengths depend on factors such as the water depth and 
breaker type, which cause the high variability in results obtained by previous authors 
(e.g., Voulgaris & Collins, 2000). 
Mean mixing lengths were greater during uprushes than backwashes at both Perranporth 
(uprushes: Is = 3.4 cm, s.d. 0.3 cm; backwashes: Is = 2.4 cm, s.d. 0.4 cm) and Sennen 
(uprushes: Is = 4.9 cm, s.d. 1.6 cm; backwashes: Is = 2.6 cm, s.d. 0.2 cm). Furthermore, 
mean mixing lengths during uprushes were larger at Sennen than at Perranporth, whereas 
mean mixing lengths during backwashes were similar at both field sites. Bore-generated 
turbulence increases the eddy viscosity of water. The trends observed in the mixing 
lengths are consistent with: (i) bore-generated turbulence during uprushes increasing 
mixing lengths and (ii) bore-generated turbulence being relatively higher on steep beach 
faces. 
The bed reference concentrations determined in this study were higher (by up to an order 
of magnitude) than those in the laboratory swash zone study of Ribberink & AI-Salem 
(1994). The root mean square water velocity, U,ms (m S·l) was calculated by square-
rooting the sum of water velocity data points squared at z = 3 cm during all swashes at 
each field site. The root mean squared water velocity was Urms = 0.75 - 1.38 m S·l during 
uprushes and Urms = 0.77 - 1.13 m S·l during backwashes. The experiments of Ribberink 
& Al-Salem (1994) were carried out in flows with lower root mean squared water 
velocities (Urms = 0.32 - 0.92 m S·l). The lower water velocities imposed by Ribberink & 
Al-Salem (1994) lead to lower bed reference concentrations. Their mixing lengths were 
however similar to those found in the present study, showing a consistency in the mixing 
lengths obtained in field and laboratory swash zone investigations. 
Suspended sediment concentration profiles in the swash zone can be described by both 
uprushes and backwashes by the model of Nielsen (1979) without further modifications. 
More advanced models exist to describe suspended sediment concentration profiles, but 
the improvements made using these models in the swash zone are likely to be minimal 
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(e.g., Green & Black, 1999). When just a single suspended sediment concentration 
measurement is available, this model can be used to predict the suspended sediment 
concentration at other elevations. Depending on whether the beach is gently-sloping or 
steep, the mean mixing lengths at Perranporth (uprushes: Is = 3.4 cm; backwashes: 
Is = 2.4 cm) or Sennen (uprushes: Is = 4.9 cm; backwashes: Is = 2.6 cm) could be applied 
to these data. This may lead to improved estimates of vertically-integrated suspended 
sediment transport rates. In this study, it was not necessary to use Nielsen's (1979) 
model, because time series of the suspended sediment concentration were available at 
nine elevations. 
6.S Suspended sediment transport 
Instantaneous water velocity (section 6.3, pg. 103) and suspended sediment concentration 
profiles (section 6.4, pg. 108) were used to estimate the vertically-integrated dry mass 
suspended sediment transport rate per unit metre width of beach. The water velocity at 
each data point in the time series was estimated at all OBS sensor heights using Equation 
6.2 (pg. 127) and the methods described in section 6.3 (pg. 103). At the start of 
uprushes, when the flow structure was complex (i.e., t / Du < 0.3), the water velocity 
profile was assumed to be the mean over the rest of the uprush. At the end of 
backwashes, when water velocity data were extrapolated (i.e., t / Du> 0.6), it was 
assumed that the water velocity profile was the mean prior to this time during the 
backwash. The instantaneous dry mass suspended sediment transport rate, 
Q(z, t) (kg m-2 S-I) at each OBS elevation was then determined using Equation 6.3. 
Q(z,t) = u(z,t)c(z,t) (6.3) 
For each swash, these data were normalised by time (Lit / D = 0.01) during uprushes and 
backwashes and ensemble-averaged over tides. The spatial and temporal variations in 
dry mass suspended sediment transport rates are presented in Figure 6.10. 
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General trends in the dry mass suspended sediment transport rate were similar to those 
observed in the ensemble-averaged suspended sediment concentration (Figure 6.5, 
pg. 109). During all tides, the majority of sediment was transported close to the bed (i.e., 
below z = 5 cm at Perranporth and z = 10 cm at Sennen). During uprushes at both field 
sites, high suspended sediment transport rates (i.e., greater than a third of the maximum) 
were measured during the first 40% - 70% of uprushes. Maximum dry mass suspended 
sediment transport rates during uprushes were greater at Sennen (Q ~ 500 kg m·2 S·I) than 
at Perranporth (Q = 300 kg m·2 S·I). During backwashes, maximum dry mass suspended 
sediment transport rates were lower at both field sites, reaching Q = lOO - 200 kg m·2 S·I 
at Perranporth and Q = 200 - 300 kg m·2 S·I at Sennen. The higher suspended sediment 
transport rates at Sennen are consistent with swashes dissipating similar amounts of 
energy more rapidly over a narrower swash zone (Table 5.3, pg. 87). 
To calculate the instantaneous vertically-integrated dry mass suspended sediment 
transport rate the time series of Q(z, t) at all nine elevations were used. It was assumed 
that the sediment transport rate remained constant from halfway between adjoining DBS, 
unless the water depth was reached. Readings above the water depth were forced to zero. 
In the case of the lowermost DBS, the suspended sediment transport rate was assumed to 
remain constant to the bed. The dry mass suspended sediment transport rate at each 
elevation was then multiplied by the vertical extent of their respective bins. The 
measurements were then summed and divided by the water depth. Errors are associated 
with this approach, particularly below z = 1 cm, where sediment transport rates are high 
(e.g., Dohmen-Janssen & Hanes, 2002). However, in the absense of measurements in 
this region in the swash zone, this approach is considered to be reasonable. Using the 
time series generated, the swashes were then normalised by time (LIt ID = 0.01) and 
ensemble-averaged. This gave the variation in the vertically-integrated dry mass 
suspended sediment transport rate, Q (kg m·1 S·I) during uprushes and backwashes 
(Figure 6.11). 
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Figure 6.11: Variation in the ensemble-averaged vertically-integrated dry mass suspended 
sediment transport rate (Q) during (i) uprushes and (ii) backwashes against time (t) normalised 
by the uprush (D,J or backwash (Db) duration at Perranporth during tides (a) por, (b) POlb, 
(c) P01' and at Sennen during (d) S02" and (e) S02b. The dotted line indicates one standard 
deviation. 
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General patterns in the vertically-integrated dry mass suspended sediment transport rate 
were similar during all tides. The sediment transport rate rose rapidly to a peak close to 
the start of uprushes (t / Du = 0.2 - 0.3). The maximum vertically-integrated dry mass 
suspended sediment transport rate at Sennen (Q = 20 - 36 kg m·l S·l) was around three 
times greater than that at Perranporth (Q = 7 - 12 kg m· l s'\ The vertically-integrated 
suspended sediment transport rate then fell steadily to the end of uprushes. During 
backwashes, the vertically-integrated suspended sediment transport rate was initially low. 
The dry mass suspended sediment transport rate increased close to the end of backwashes 
(t / Db = 0.6 - 0.8), reaching Q = 2 - 4 kg m-I S-l at Perranporth and Q = 9 - 17 kg m-I S-l 
at Sennen. The magnitude of mean vertically-integrated dry mass suspended sediment 
transport rate (Q) for all uprushes and backwashes was three times greater at 
Sennen (Qon = 11.0 kg m-I s-l, s.d. 2.7 kg m-I S-I; Qoff= 4.4 kg m-I S-I, s.d. 1.5 kg m·1 S'I) 
compared to Perranporth (Qon = 3.0 kg m-I s'l, s.d, 0,6 kg m'l sol; Qoff= 1.3 kg m-I S-I, s.d. 
0.6 kg m-I sol). This was caused (at least in part) by bed shear stresses at Sennen being 
greater than those at Perranporth (section 6.3, pg. 103). Furthermore, verticalIy-
integrated suspended sediment transport rates during uprushes were around two to three 
times greater than those during backwashes, which is consistent with the greater bed 
shear stresses during uprushes leading to greater sediment suspension and transport. 
Streamer traps can be used to directly measure total load sediment transport (i.e., bedload 
plus suspended load). The relationship between bedload and suspended load sediment 
transport has not yet been adequately quantified in the swash zone. The only study in 
which this was estimated is that of Horn & Mason (1994). These authors used streamer 
traps, divided at z = 1 cm. They defined bedload and suspended load as sediment that 
was transported below and above this elevation respectively. It remains debateable 
whether these methods are valid, since flow interference by the narrow bedload trap 
collection opening is likely to be significant. 
Iotalload sediment transport during uprushes and backwashes was measured during this 
study using streamer traps over a number of tides. Measurements were made within two 
metres of the swash station. Since the swash station measures suspended sediment 
transport, it was envisaged that the streamer trap and swash station data could be used 
together to quantify the relationship between bedload and suspended load sediment 
transport. However, streamer traps were only deployed during the daytime, when the 
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OBS were saturated due to light contamination. Therefore, no concurrent swash station 
and streamer trap data were available. 
The streamer traps were 10 cm wide, so the dry mass collected was multiplied by ten to 
give the time-averaged total load dry mass sediment transport per metre width of beach 
for each event. The total vertically-integrated dry mass suspended sediment transport 
over swashes was determined using swash station data. This was calculated by four 
steps: (i) the vertically-integrated dry mass suspended sediment transport rate at each 
normalised time step during each uprush and backwash was multiplied by the respective 
uprush and backwash duration, (ii) these results were multiplied by the normalised time 
step (i.e., ./;1 D = 0.01), (iii) they were then summed over entire uprushes and 
backwashes to give the total onshore and offshore dry mass suspended sediment transport 
for each swash and (iv) the mean onshore, offshore and net dry mass suspended sediment 
transport during each tide were then determined. A comparison between the total load 
dry mass sediment transport from streamer traps and the vertically-integrated dry mass 
suspended sediment transport using swash station data are presented in Table 6.3. 
Table 6.3: Summary of dry mass sediment transport during single uprushes and backwashes 
using swash station and streamer trap data showing: number of swashes (N), total onshore dry 
mass sediment transport (Qo,J, total offshore dry mass sediment transport (Qog), total net dry 
mass sediment transport (Q .. J and ratio of onshore to offihore sediment transport (Qo,/ Qog) at 
Perranporth (POl) and Sennen (S02). The numbers in brackets are for backwashes. 
Tide Method N Q" QofJ Qnet Qo,/ QofJ (kgm·1) (kg m") (kg m·l ) (-) 
POlO station 40 34 33 1 1.03 
POl b station 48 28 25 3 1.12 
POle station 33 16 6 10 2.67 
S02° station 38 31 38 -7 0.82 
S02b station 132 52 12 40 4.33 
POld trap 39 (25) 10 3 7 3.33 
POl' trap 43 (11) 21 7 14 3 
pol trap 30 (34) 7 7 0 1 
S02' trap 24 (23) 20 14 6 1.43 
S02' trap 22 (13) 21 7 14 3 
, , , , 
'" - Me 5, - tJde 7, - tJde 23, - Me 15 and - tJde 28 
Despite the duration of swashes being three times shorter at Sennen, the total magnitude 
of the vertically-integrated onshore and offshore dry mass suspended sediment transport 
during all uprushes and backwashes was greater at Sennen (Q on = 42 kg m-I, 
s.d. 11 kg m-I; QojJ= 25 kg m-I, s.d. 13 kg m-I) than at Perranporth (Q on = 26 kg m-I, 
s.d. 7 kg m-I; QojJ= 21 kg m-t, s.d. 11 kg m-I). Large variability in the net suspended 
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sediment transport was apparent between tides. Streamer trap and swash station data 
both show that net sediment transport was onshore, except during tide S02a (when 
onshore suspended sediment transport was under-estimated). 
Using swash station data (and disregarding tide S02a), the mean ratio of 
onshore : offshore suspended sediment transport over swashes was Qon I Qojf= 1.7 at 
Perranporth and Qon I Qojf= 4.3 at Sennen. The equivalent ratios using streamer trap data 
were Qon I Qojf= 2.4 and Qon I Qojf= 2.2 respectively. This highlights the dominance of 
onshore suspended sediment transport in the swash zone. Since swash oscillations in the 
swash zone at Sennen occurred at incident frequencies, whereas at Perranporth they were 
at infragravity frequencies (section 5.2, pg. 79), a greater number of swashes occurred 
during single tides at Sennen. Furthermore, the swash zone was narrower at Sennen 
(Table 5.3, pg. 87). As a result, the measured morphological adjustments onshore of the 
swash station at Sennen were greater than at Perranporth (section 4.5, pg. 70). 
Butt & Russell (1999) showed that the ratio of onshore to offshore suspended sediment 
transport in the swash zone at Perranporth was in the range Qon I Qojf = 1.3 - 3.3. The 
ratios of onshore to offshore suspended sediment transport in this study during swashes 
were similar using both streamer traps (Perranporth: QonlQojf= 1.0 - 3.3; Sennen: 
Qon I Qojf = 1.4 - 3.0) and swash station data (Perranporth: Qon I Qojf = 1.0 - 2.7; Sennen: 
Qon I Qojf = 4.3) at both Perranporth and Sennen. This suggests that the findings of Butt 
& Russell (1999) can be extended to steeper beach faces. 
A comparison between the non-concurrent streamer trap and swash station data was 
made. The magnitude of the minimum and maximum onshore and offshore total load 
sediment transport measured using streamer traps was half the comparative vertically-
integrated suspended sediment transport from swash station data. Suspended sediment 
transport cannot be greater than total load sediment transport. The lowest onshore and 
offshore vertically-integrated suspended sediment transport measured using swash station 
data was lower than the highest total load sediment transport measured using streamer 
traps. In the absence of concurrent swash station and streamer trap data, it was not 
possible to quantify the relationship between suspended and bedload sediment transport. 
Tentatively, these data suggest that suspended sediment transport (measured using the 
swash station) accounts for a significant proportion of the total load sediment transport. 
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Further research, potentially using concurrent streamer trap and swash station data is 
required to determine the dominant mode of sediment transport in the swash zone. 
Davies et al. (1997) determined vertical profiles of the cycle-mean dry mass suspended 
sediment transport rate, <uc> (kg m·2 S·I) in the laboratory swash zone using data 
collected by Ribberink & Al-Salem (1992; 1995). Their study was carried out in the 
large oscillatory wave tunnel at Delft hydraulics, N etherIands, with regular asymmetric 
waves imposed. In this study, suspended sediment transport data were prepared as 
described for Figure 6.1 0 (pg. 119). For each uprush and backwash, the dry mass 
suspended sediment transport data were summed at each OBS elevation, multiplied by 
the duration of that uprush or backwash and then mUltiplied by the normalised time step 
(i.e., L1t / D = 0.01). The cycle-mean net dry mass suspended sediment transport at each 
elevation (i.e., uprush minus backwash) was determined by simple subtraction for each 
swash. The cycle-mean suspended sediment transport over tides was then taken as the 
ensemble-average of the net dry mass suspended sediment transport at each OBS 
elevation during all swashes. A comparison between the results of this study and those 
obtained by Davies et al. (1997) is presented in Figure 6.12. 
The cycle-mean suspended sediment transport rates determined in this study were around 
four orders of magnitude greater than those determined by Davies et al. (1997). This can 
be accounted for by the extremely low time-averaged suspended sediment concentrations 
recorded during their study (i.e., <C> = 2.4 X 10.3 - 4.0 kg m·3). In the field swash zone, 
when offshore suspended sediment transport occurs, it happens predominantly close to 
the bed (i.e., below z = I - cm). When onshore suspended sediment transport occurs, it 
takes place higher up the water column. During tides por and S02b, onshore suspended 
sediment transport occurred at all elevations. Table 6.3 (pg. 123) shows that during these 
tides onshore suspended sediment transport was at least twice the offshore suspended 
sediment transport. 
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Figure 6.12: Comparison between the variations in the cycle-mean dry mass suspended sediment 
transport rate «ue» with depth (z) at Perranporth during tides (a) por, (b) P01b, (e) P01' and 
at Sennen during tides (d) SO:!' and (e) S02b with those of(/) Davies et al. (1997). 
Butt & Russell (1999) showed that onshore suspended sediment transport occurs 
predominantly at incident frequencies, whereas offshore suspended sediment transport 
occurs mainly at infragravity frequencies close to the bed. It is suggested that onshore 
suspended sediment transport at incident frequencies increased steadily towards the bed. 
Net suspended sediment transport at a particular depth was then reduced or even directed 
offshore depending on the strength of infragravity frequency backwashes, which were 
concentrated closer to the bed than around z = 2 cm. The contribution of infragravity 
frequency energy was very high during tides por and P01b at Perranporth, explaining 
why strong offshore net suspended sediment transport was measured close to the bed 
(i.e., below z = 2 cm) during these tides. 
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6.6 Summary 
Ensemble-averaging was used to examine general trends in the time series of the water 
depth, water velocity, suspended sediment concentration, shear velocity and bed shear 
stress. The water depth increased to its maximum (h = 10 - 30 cm) close to the start of 
uprushes, remained around this level until flow reversal, then steadily decreased to the 
end of backwashes. The suspended sediment concentration (at z = 3 cm) increased to its 
maximum (C = 60 - 200 kg m>3) around the start of up rushes then decreased to close to 
zero by flow reversal, before steadily increasing to the end of backwashes 
(C = 30 - 100 kg m>3). Trends in the water velocity were similar to those in suspended 
sediment concentrations, which tentatively suggests a link. The water velocity peaked 
around the start of uprushes (u = 1.2 - 2.2 m s>\ and then steadily decreased until flow 
reversal. During backwashes, flows accelerated offshore, reaching a maximum water 
velocity of u = 1.0 - 2.9 m S>1 close to the end of the swash. Water depths, suspended 
sediment concentrations and water velocities in the swash zone were thus higher at 
Sennen than at Perranporth. 
The water velocity at z = 3 cm was lower than at z = 6 cm, indicating the existence of a 
velocity shear. The shear velocity was determined using the 'law of the wall'. This 
assumes that the water velocity measured at both elevations was within the boundary 
layer and the affects of suspended sediment on von Karman's constant were negligible. 
The ensemble-averaged shear velocity fluctuated (and was commonly negative) at the 
start of uprushes (i.e., t / Du < 0.3). This was caused by the flow reaching the lower 
EMCM before the upper EMCM. By t / Du = 0.3, the shear velocity had stabilised at 
u*= 0.2 - 0.3 m S>l. It then decreased steadily to zero by flow reversal. During 
backwashes, the shear velocity was initially zero, then increased with time until 
t / Db = 0.6. By this time, the shear velocity had reached u * = 0.05 - 0.25 ms-I. The 
shear velocity was therefore lower during backwashes than uprushes, and variations 
between tides were apparent. Shear velocity data after t / Db = 0.6 were disregarded, 
because the water velocity data were extrapolated after this time. 
Instantaneous bed shear stresses were determined using the instantaneous shear velocity 
data via Equation 2.5 (pg. 41). The bed shear stress was high at the start of up rushes 
(i.e., t / Du < 0.3), reaching up to -rb = 400 N m>z. However, these data were ignored, 
because they were due to the negative shear velocities measured at this time. After the 
shear velocity had stabilised, the bed shear stress (initially at -rb = 20 - 100 N m >z) steadily 
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began to decrease towards zero at flow reversal. At the start of backwashes, the bed 
shear stress was initially low (i.e., Tb < 5 N m-2). Potentially, at this time the boundary 
layer may have resided below z = 3 cm above the bed. The bed shear stress remained 
around this level until t / Db = 0.2. After this time, it increased during most tides (i.e., 
tides par, PO]b, pal" and S02"), reaching similar levels to those at the start of up rushes 
(i.e., Tb = 5 - lOO N m-2). This highlights a major difference between uprushes and 
backwashes. At the start of uprushes, the boundary layer is already well formed (i.e., it 
extends to 3 cm above the bed). However, at the start of backwashes, the boundary layer 
is confined close to the bed (i.e., it resides below 3 cm), since boundary layers require 
time to develop. 
The mean shear velocity during all uprushes (u* = 0.08 m S-l, s.d. 0.03 m sol) was twice 
that during all backwashes (u* = 0.04 m s-t, s.d. 0.01 m sol). The resulting mean bed 
shear stress during uprushes was 2.4 times and 1.9 times greater than that during 
backwashes in the region of reliable data (i.e., t / Du> 0.3; t / Du < 0.6) at Perranporth 
(uprushes: Tb = 13.8 N m-2, s.d. 5.7 N m-2; backwashes: Tb = 5.7 N m-2, s.d. 1.6 N m-2) 
compared to Sennen (uprushes: Tb = 18.2 N m-2, s.d. 12.9 N m-2; backwashes: 
Tb = 9.4 N m-2, s.d. 11.3 N m-\ Conley & Griffin (in press) showed using direct shear 
stress measurements in the field, that bed shear stresses are twice as high during uprushes 
compared to backwashes. These results are consistent with this study. These authors 
ascribed the greater bed shear stresses during uprushes to the affects of net infiltration. 
However, it was demonstrated in section 4.4 (pg. 68) that (at least at Perranporth and 
Sennen) net infiltration was negligible because the bed in the swash zone of both beaches 
was normally saturated. Therefore, net infiltration cannot be the only factor responsible 
for the greater bed shear stresses during uprushes. 
The sediment diffusion model and the Rouse-type model were applied to the selected 
uprushes and backwashes, which were normalised by time. Ensemble-averaging 
indicated that during the majority of uprushes and backwashes the suspended sediment 
concentration profiles are better described by the sediment diffusion model. Therefore, 
suspended sediment concentrations in the swash zone are best described by models 
which assume that the suspended sediment concentration increase exponentially towards 
the bed. However, the the shape of suspended sediment concentration profiles in the 
sheet flow layer remains unclear. 
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Using data from all uprushes and backwashes, bed reference concentrations in the swash 
zone (Co = 50 - 250 kg m-3) were one to two orders of magnitude higher than in the surf 
zone (Co = 0.1 - 38.9 kg m-3) (e.g., Black & Rosenberg, 1991; Kroon, 1991; Osbome & 
Greenwood, 1993; Black et al., 1995; Masselink & Pattiaratchi, 1998; Green & Black, 
1999; Voulgaris & Collins, 2000). This was caused by suspended sediment 
concentrations in the swash zone being around an order of magnitude higher than in the 
surf zone. Mean mixing lengths were greater during uprushes than backwashes at both 
Perranporth (uprushes: Is = 3.4 cm, s.d. 0.3 cm; backwashes: Is = 2.4 cm, s.d. 0.4 cm) and 
Sennen (uprushes: Is = 4.9 cm, s.d. 1.6 cm; backwashes: Is = 2.6 cm, s.d. 0.2 cm). 
Furthermore, mean mixing lengths during uprushes were larger at Sennen than at 
Perranporth, whereas mean mixing lengths during backwashes were similar at both field 
sites. Bore-generated turbulence increases the eddy viscosity of water, which may 
explain the trends in mixing lengths observed. 
Instantaneous water velocity and suspended sediment concentration profiles were used to 
estimate vertically-integrated dry mass suspended sediment transport rates. The 
magnitude of mean vertically-integrated dry mass suspended sediment transport 
rate (Q) was three times greater at Sennen (Qon = 11.0 kg m-I s-" s.d. 2.7 kg m-I S-I; 
Qoff=4.4 kg m-I S-I, s.d. 1.5 kg m-I S-I) than at Perranporth (Qon=3.0kgm-1 s-" 
s.d. 0.6 kg m-I S-I; QOff= 1.3 kg m-I S-I, s.d. 0.6 kg m-I S-I). This is caused (at least in 
part) by bed shear stresses at Sennen being greater than those at Perranporth. 
Furthermore, vertically-integrated suspended sediment transport rates during uprushes 
were around two to three times greater than those during backwashes, which is consistent 
with the greater bed shear stresses during uprushes leading to greater sediment 
suspension and transport. 
The time-averaged vertically-integrated dry mass suspended sediment transport 
during uprushes and backwashes was greater at Sennen (Q on = 42 kg m-I, 
s.d. 11 kg m-I; QOff= 25 kg m-I, s.d. 13 kg m-I) than at Perranporth (Q on = 26 kg m-I, 
s.d. 7 kg m-I; Qoff= 21 kg m-" s.d. 11 kg m-I). Onshore suspended sediment transport 
was measured in the swash zone of both beaches, whether data from the swash station or 
streamer traps were used. The ratio of onshore to offshore suspended sediment transport 
was Qon I Qoff = 1.0 - 3.3 at Perranporth and Qon I QOff= 1.4 - 4.3 at Sennen. These 
results are in agreement with Butt & Russell (1999) who found that this ratio is 
Qon I Qoff = 1.3 - 3.3 at Perranporth. More swashes occurred per tide at Sennen, gross 
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suspended sediment transport was greater, the ratio of onshore to offshore suspended 
sediment transport was similar and the swash width was narrower. These factors 
combined caused morphological adjustments in the swash zone at Sennen measured 
. using beach survey data to be greater at Sennen than at Perranporth (section 4.5, pg. 70). 
Net offshore suspended sediment transport occurred close to the bed (i.e., below 
z = 2 cm) when significant infragravity frequency energy was present. Higher up the 
water column net onshore suspended sediment transport predominated. It is suggested 
that onshore suspended sediment transport at incident frequencies increased steadily 
towards the bed. Net suspended sediment transport was then reduced or directed 
offshore depending on the strength of infragravity frequency backwashes. 
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CHAPTER 7: MODELLING SWASH ZONE SEDIMENT TRANSPORT 
7.1 Introduction 
In Chapter 6 (pg. 97), the variation in instantaneous water velocity and suspended 
sediment concentration profiles in the swash zone were established. The instantaneous 
dry mass suspended sediment transport rates determined in Chapter 6 (section 6.5, 
pg. 118) were converted to instantaneous immersed weight suspended sediment transport 
rates using Equations 3.11 and 3.12 (pg. 52). Most previous studies swash zone studies 
use streamer traps to measure the time-averaged total load sediment transport over 
uprushes and backwashes (e.g., Hughes et al., 1997; Masselink & Hughes, 1998). In this 
analysis, the vertically-integrated immersed weight suspended sediment transport rates 
from hydrodynamic and sediment transport stations were used (section 6.5, pg. 118). 
These data have the advantage over streamer traps that they allow instantaneous 
suspended sediment transport to be modelled. The disadvantage of using hydrodynamic 
and sediment transport data is that they do not include a directly measured bedload 
component. 
In section 6.2, (pg. 98), a link between some power of the water velocity and the 
suspended sediment concentration was identified. To date, the only model tested and 
found to work reasonably well in the swash zone is the energetics-based model of 
Bagnold (1963). This is a physically based bedload sediment transport model with 
empirically derived constants. In section 7.2 (pg. 132), this model is applied to the 
selected tides and the results are compared to those in previous studies. An empirical 
model is developed in section 7.3 (pg. 137) by correlating the instantaneous vertically-
integrated immersed weight suspended sediment transport rate against the water velocity 
raised to the power n, where n varies from one to six. 
For a swash zone sediment transport model to be used practically, its calibration 
coefficients should not vary during sw ashes (section 7.4.1, pg. 141) and with the 
hydrodynamic and sediment transport station location relative to the wave run-up limit 
(7.4.2, pg. 144). The predictions of the calibrated instantaneous water velocity-cubed 
model are compared to vertically-integrated immersed weight suspended sediment 
transport rates. A discrepancy ratio is then used to quantify the efficiency of this model 
(section 7.5, pg. 147). This chapter concludes by testing the model against the measured 
morphological adjustments from beach survey data (section 7.6, pg. 150). 
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7.2 Model development 
The possibility of modelling instantaneous suspended sediment transport using different 
powers of the instantaneous water velocity was investigated. A least-squares linear 
regression was carried out between instantaneous vertically-integrated immersed weight 
suspended sediment transport rate and the instantaneous water velocity, Uj (m S·I) raised 
to the power n, with n varying from one to six (Equation 7.1). The calibration and 
regression coefficients of these models during each tide are presented in Table 7. L 
(7.1) 
Table 7.1: Least-squares linear regression between the instantaneous vertically-integrated 
immersed weight suspended sediment transport rate (I(m)J and the instantaneous water velocity 
raised to powers (un where n = I - 6 at Perranporth (POI) and Sennen (S02). The calibration 
coefficients (k) and associated regression coefficients (K) are given for uprushes (subscript u) 
and backwashes (subscript b). The units of the calibration coefficients vary according to the 
water velocity power used. N represents the number of data points used and the subscript i 
indicates the use of instantaneous water velocity data. The highest regression coefficients for 
h db kw d d 1 uprus es an ac ashes uring each tide are un er ined. 
Tide N n=l n=2 n=3 n=4 n=5 n=6 
por k;,u 2465 12.63 5.94 2.94 1.41 0.65 0.29 
R' 0.58 0.67 0.68 0.65 0.60 0.55 
kj,b 3195 4.68 3.39 2.35 1.54 0.97 0.60 
R' 0.59 0.79 0.88 0.90 0.88 0.85 
POI' k;,u 1981 7.66 3.40 1.61 0.73 0.32 0.14 
R' 0.47 0.50 0.48 0.42 0.37 0.31 
k;,b 2762 1.95 1.48 1.05 0.68 0.42 0.25 
R' 0.42 0.58 0.66 0.69 0.68 0.65 
POle kj,u 1090 5.46 2.62 1.33 0.65 0.31 0.14 
R' 0.41 0.48 0.51 0.51 0.50 0.48 
kj,b 1031 0.58 0.52 0.48 0.42 0.36 0.30 
R' 0.30 0.34 0.37 0.38 0.39 0.39 
S02a kj,u 923 17.05 7.09 3.14 1.36 0.57 0.23 
R' 0.59 0.62 0.60 0.54 0.49 0.43 
kj,b 1207 9.90 4.68 2.19 0.99 0.44 0.19 
R' 0.49 0.57 0.58 0.56 0.54 0.51 
S02' k;,u 2948 19.35 7.31 2.99 1.23 0.50 0.20 
R' 0.61 0.68 0.64 0.58 0.53 0.47 
kj,b 2824 4.48 2.25 1.10 0.51 0.23 0.10 
R' 0.34 0.41 0.44 0.44 0.43 0.42 
The regression coefficients were in the range R2 = 0.30 - 0.90. An instantaneous water 
velocity-cubed approach gave the highest regression coefficients for two out of the five 
tides during both uprushes and backwashes. However, there was little to choose between 
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this model and those using a water velocity-squared and water velocity to the fourth 
power relationships. In essence, any of these empirical models above could be used for 
modelling purposes. Water velocity-cubed and water velocity to the fourth power 
relationships have theoretical basis in the surf zone. Swash zone sediment transport has 
been modelled previously using a water velocity-cubed relationship (e.g., Shields, 1936; 
Bagnold, 1963; Bailard, 1981). Differences between the regression coefficients of the 
instantaneous water velocity-cubed model and the model that performed best during each 
tide were small (i.e., less than R2 = 0.04). Interestingly, Hughes et al. (1997) and 
Masselink & Hughes (1998) found that a water velocity-squared approach gave slightly 
higher regression coefficients (uprushes: R2 = 0.63; backwashes R2 = 0.84) predicting 
time-averaged sediment transport than a water velocity-cubed approach (uprushes: 
R2 = 0.51; backwashes R2 = 0.76). These authors also opted for a water velocity-cubed 
model rather than proposing another empirical expression based on a limited data set 
(Masselink & Hughes, 1998). Using the same reasoning, a water velocity-cubed 
approach is pursued in this study. The instantaneous water velocity-cubed model is 
therefore of the form given in Equation 7.2. 
/(p), = k,u,' (7.2) 
The empirically derived instantaneous water velocity-cubed model is essentially an 
adaptation of Bagnold's time-averaged bedload sediment transport model to 
instantaneous suspended sediment transport. The internal friction angle of the sediment 
and the beach slope are omitted. However, these only affect the calibration coefficients, 
not model predictions. The duration term is not included in the model, because 
instantaneous predictions are required. These omissions cause the calibration 
coefficients to be lower than those in the application of Bagnold's model in previous 
studies (e.g., Hughes et aI., 1997; Masselink & Hughes, 1998). The calibration of the 
instantaneous water velocity-cubed model for each tide is presented in Figure 7.1. 
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Figure 7.1: Instantaneous vertically-integrated immersed weight suspended sediment transport 
rate (I(m)J against the instantaneous water velocity-cubed/or (i) uprushes (Ui./) and 
(ii) backwashes (Ui . .') at Perranporth during tides (a) par, (b) pOJb, (c) pal' and at Sennen 
during tides (d) S02a and (e) so2". 
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A significant amount of scatter was present in the data. This scatter is caused by either 
measurement errors (section 8.5, pg. 163) or by the non-inclusion of all 
important processes. The calibration coefficients varied significantly between tides (i.e., 
ki,u= 1.33 - 3,14 kg m·3; ki,b= 0.48 - 2.35 kg m'\ Using all swashes, the mean 
calibration coefficients were greater during uprushes than backwashes at both 
Perranporth (uprushes: k i.u = 1.96 kg m·3, s.d. 0.70 kg m·3; backwashes: ki.b = 1.29 kg m·3, 
s.d. 0.78 kg m·3) and Sennen (uprushes: ki.u = 3.07 kg m·3, s.d. 0.07 kg m,3; backwashes: 
ki•b = 1.65 kg m,3, s.d. 0.55 kg m,3), and calibration coefficients at Sennen were higher 
than at Perranporth. This analysis shows that: (i) uprushes are more efficient at 
transporting sediment than backwashes and (ii) the efficiency of suspended sediment 
transport is greater on steeper beaches during both uprushes and backwashes. The 
greater suspended sediment transport efficiencies can be explained in terms of bed shear 
stresses, which were also greater during uprushes than backwashes and higher at Sennen 
compared to Perranporth (section 6,3, pg, 103), 
Water velocity-cubed models include a bed shear stress approximation (water velocity-
squared term) and a further water velocity term to give the rate of energy dissipation, 
Thus, the measured bed shear stress is not directly included in the model, so it is 
approximated by Equation 2.7 (pg. 42) (e.g., Jonsson, 1966; Kamphius, 1975; Puleo & 
Holland, 2001). 
(2.7) 
The water velocity input into Equation 2.7 should be that in the free-stream. However, 
the water velocity at z = 3 cm used in this study was not in the free-stream (section 6.3, 
pg. 103). As a result, the bed shear stress in the instantaneous water velocity-cubed 
model (and all other similar models) is not realistic. 
Equations have been derived to give friction coefficients in fully-turbulent oscillatory 
flows (e.g., Swart, 1974; Cox et al., 2000; Puleo & Holland, 2001; Raubenheimer & 
Elgar, in press). The application of these formulations in the swash zone gives widely 
varying results. Some equations predict greater friction coefficients during uprushes 
(e.g., Cox et al., 2000), some give similar coefficients during both parts of the swash 
cycle (e.g., Swart, 1974; Raubenheimer & Elgar, in press) and some give higher friction 
coefficients during backwashes (e.g., Puleo & Holland, 2001). Masselink & Hughes 
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(1998) used the equation of Swart (1974) in the swash zone to determine friction 
coefficients (Equation 7.3). This Equation is an explicit approximation to the implicit 
semi-empirical formula given by Jonsson (1966). 
(7.3) 
where a (m) is the peak wave orbital excursion given by a = Du / 2Jr and u (m S·l) is 
the peak flow velocity. Using the data in Table 5.1 (pg. 78) and 5.3 (pg. 87), the 
theoretical friction coefficients in this study during uprushes ifw ~ 0.0084 ± 0.0006) and 
backwashes ifw = 0.0083 ± 0.0001) were similar. When this equation is used, it is 
therefore assumed that the bed shear stresses during uprushes and backwashes were more 
or less identical. However, bed shear stresses during uprushes in the swash zone are 
greater than during backwashes (section 6.3, pg. 103). Therefore, different friction 
coefficients are required for uprushes and backwashes, at least when the instantaneous 
water velocity-cubed input at z = 3 cm above the bed is used as the model input (e.g., 
Cox et al., 2000; Puleo & Holland, 2001; Archetti & Brocchini, 2002). 
Maximum water velocities during uprushes and backwashes were similar. However, 
these measurements were not made in the free-stream (section 6.3, pg. 103). If directly 
measured bed shear stresses were incorporated into the instantaneous water velocity-
cubed model (rather than using the water velocity-squared surrogate), then the model 
calibration coefficients would become similar during both uprushes and backwashes 
(refer to Masselink et al., in press, pg. xxiii). In this case, the calibration coefficients 
would also be dealing with one less uncertainty, thus potentially improving model 
predictions. An insufficient number of water velocity measurements at different 
elevations were made during this study to allow the modelling of instantaneous sediment 
transport using bed shear stress data, particularly at the start of uprushes (when the 
structure of water velocity profiles was complex) and the end of back washes (when water 
flowed under the EMCMs). 
All energetics-based sediment transport models rely on a single water velocity 
measurement in the free-steam (e.g., Russell et al., 1996). In section 6.3 (pg. 103), it was 
shown that the free-stream in the swash zone normally extended above the lower EMCM 
(i.e., z = 3 cm). Indeed, potentially there may be no free-stream in the swash zone. The 
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upper EMCM in this study (i.e., Z = 6 cm) was more likely to be, but not necessarily, in 
the free-stream. However, since this sensor was positioned higher above the bed, it 
missed an even larger proportion of backwashes. With this limitation in mind, only data 
from the lower EMCM were used for modelling purposes. 
7.3 Bagnold's model 
Bagnold's (1963) model has been applied in the swash zone by many previous authors 
(e.g., Hardisty et al., 1984; Hughes et al., 1997; Masselink & Hughes, 1998). This model 
is strictly speaking a bedload sediment transport model, also based on a water velocity-
cubed relationship. Masselink & Hughes (1998) used streamer traps to measure time-
averaged total load immersed weight sediment transport rates during uprushes and 
backwashes. These authors then applied Bagnold's (1963) model to total load data. In 
this analysis, Bagnold's (1963) model was applied using suspended load data from the 
swash station (which were extrapolated to the bed). The theoretical validity of Bag no Id's 
(1963) model is debateable when suspended load data are used. This is also true of the 
application of Bagnold's (1963) model to predict total load sediment transport by 
previous authors (e.g., Hughes et al., 1997; Masselink & Hughes, 1998). However, this 
analysis remains useful because it allows broad comparisons with previous studies. 
Two formulations of Bagnold's model exist. These use time-averaged (Equations 2.24 
and 2.25, pg. 55) and instantaneous (Equations 2.27 and 2.28, pg. 56) water velocity 
measurements (e.g., Masselink & Hughes, 1998). 
defined in section 2.6.1 (pg. 31). 
The symbols in these equations were 
I 2: 3 k D - u. 
I,U uN I,U 
I (p), = ---'-''----
tana+tanp 
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(2.24) 
(2.25) 
(2.27) 
---------------------------------------------------- -------------------------
1 2: 3 kbDb - U'b t, N I, 
1 (P)b = ---'''----
tana-tanf3 
(2.28) 
Bagnold's (1963) models were used to predict time-averaged sediment transport rates 
over uprushes and backwashes. The instantaneous vertically-integrated immersed weight 
suspended sediment transport rates were summed over uprushes and backwashes to give 
time-averaged vertically-integrated immersed weight suspended sediment transport rates. 
This assumes that no sediment was transported above z = 20 cm and that the suspended 
sediment concentration remained constant from half way between adjoining sensors. To 
determine the model calibration coefficients, a least-squares linear regression was carried 
out between the time-averaged vertically-integrated immersed weight suspended 
sediment transport rate and the predictions of Bagnold's (1963) models (in the absence of 
the calibration coefficient terms). The calibrations of Bagnold's (1963) models are 
presented in Figure 7.2 (pg. 139). 
The regression coefficients obtained in the application of Bagnold's (1963) model were 
similar for uprushes (R2 = 0.28 - 0.77) and backwashes (R2 = 0.38 - 0.83), These are also 
similar to those obtained using the instantaneous water velocity-cubed model, but based 
on over an order of magnitude fewer data points (i. e., N = 33 - 132). There was a 
reasonable amount of scatter present in the data and the calibration coefficients varied 
between tides. This may also be due to measurement errors and/or the omission of 
important processes. A summary of the main previous calibrations of Bagnold's models 
and those determined in this study is presented in Table 7.2 (pg. 140). 
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Figure 7.2: Calibration of Bagnold's (1963) time-averaged (crosses) and instantaneous (stars) 
water velocity models in the swash zone for (i) uprushes and (ii) backwashes at Perranporth 
during tides (a) POl", (b) P01b, (c) P01' and at Sennen during tides (d) S02" and (e) S02b, The 
vertically-integrated immersed weight suspended sediment transport (I(m)) over entire uprushes 
and backwashes is plotted against the result of each model application, The regression lines are 
for the time-averaged (solid) and instantaneous (dashed) water velocity models. 
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Table 7.2: Summary of the calibration coefficients (k) and associated regression coefficients (If) 
determined in applications of Bagnold's model during the following studies: H84 (Hardisty et al., 
1984), H97 (Hughes et al., 1997), MH98 (Masselink & Hughes, 1998), pal (Perranporth) and 
S02 (Sennen). The subscripts u, band i denote uprushes, backwashes and the use of 
instantaneous water velocity data respectively. The results obtained using both time-averaged 
(AJ and instantaneous (B) cross-shore water velocity data are Kiven. * denotes estimated. 
Study Type H84 H97 MH98 par pal' pal' S02' S02' 
Method Trap Trap Trap OSS OSS OSS OSS OSS 
tan f3 0.02 0.12 0.12 0.03 0.Q3 0.03 0.09 0.09 
k. (kg m") A 70 13.4 25.9 51.8 33.9 19.6 50.8 22.0 
R' A - 0.78 0.51 0.77 0.50 0.73 0.28 0.37 
kb(kg m-') A 70 - 14.4 18.7 12.9 4.6 21.0 5.7 
R' A - - 0.76 0.83 0.57 0.76 0.65 0.48 
k, .• (kg m-') B - - 14.5 18.7 14.3 8.8 23.9 9.1 
R' B - - 0.58 0.83 0.48 0.75 0.37 0.59 
k'.b (kg m-') B - - 7.4 7.8 7.1 2.4 11.2 2.8 
R2 B - - 0.71 0.70 0.38 0.65 0.62 0.41 
The calibration coefficients of Bagnold' s models determined by previous authors using 
total load immersed weight sediment transport data (i.e., ku = 13.4 -70 kg m-l; 
kb = 14.4 kg m·l, kj.u = 14.5 kg mol and kj.b= 7.4 kg mol) fall in the range of those found in 
this study (i.e., ku = 19.6 - 51.8 kg m·l; kb = 4.6 - 21.0 kg mol, kj.u = 8.8 - 23.9 kg mol and 
kj.b= 2.4 - 11.2 kg m-l) using immersed weight suspended sediment transport rates. 
Masselink & Hughes (1998) found that the calibration coefficients using instantaneous 
water velocities were around half those using time-averaged water velocities. In 
this study, these varied between ki.ul ku = 0.36 - 0.47 during uprushes and 
k,;bl kb = 0.42 - 0.55 during backwashes. The regression coefficients in previous studies 
(R2 = 0.51 - 0.78) were also in the range of those determined in this study 
(R2 = 0.28 - 0.83), using both the time-averaged and instantaneous water velocity 
models. 
In the swash zone, the ratios of ku I kb and kj.u I kj.b would be two if it is assumed that the 
water velocity is described by a saw-tooth shape (e.g., Masselink & Hughes, 1998). 
These ratios in this study varied between kul kb = 2.4 - 8.5 and ki.ul kj.b = 2.0 - 7.3. The 
corresponding ratios determined by Masselink & Hughes (1998) were lower than those 
found in this study (i.e., kul kb = 1.7 and kj.uI kj.b = 2.0). Since, these authors measured 
total load sediment transport, bedload sediment transport was also included. Bedload 
sediment transport is greater during backwashes than uprushes (e.g., Horn & Mason, 
1994). The non-inclusion of bedload sediment transport in the hydrodynamic and 
sediment transport station measurements may have caused the backwash calibration 
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coefficients to be lower than in the study of Masselink & Hughes (1998). The ratios of 
calibration coefficients (in this and previous studies) show that uprushes are at least twice 
as efficient as backwashes at transporting sediment. If uprushes and backwashes were 
simply reverse processes, then the calibration coefficients would be identical. Bagnold's 
model (as in the case ofthe instantaneous water velocity-cubed model) also uses a water 
velocity-squared term to estimate bed shear stresses, rather than incorporating direct 
measurements. The greater bed shear stresses during uprushes explain why calibration 
coefficients during uprushes are greater than those during backwashes. 
The calibration coefficients of Bagnold's models determined in this study varied by a 
factor of up to five between tides during both uprushes and backwashes. A number of 
swash zone characteristics are responsible these differences including: (i) the frequency 
of swash motions, (ii) turbulence levels, (iii) swash station position, (iv) wave conditions, 
(v) erosion and accretion ofthe bed at the station between instrument height adjustments, 
(vi) differences between the water velocity at z = 3 cm with that in the free-stream and 
(vii) differences in the ratio of bedload to suspended load between tides. Reference to 
Table 5.3 (pg. 87) does not reveal a clear relationship between the calibration coefficients 
and either the water depth or swash duration. 
7.4 Variation in calibration coefficients 
The stability of the calibration coefficients of the instantaneous water velocity-cubed 
model was assessed at a range of time scales. For the model to be practically useful, the 
calibration coefficients should remain constant during swashes and with varying 
hydrodynamic and sediment transport station location relative to the wave run-up limit. 
7.4.1 Variation during swashes 
The instantaneous immersed weight suspended sediment transport rate time series and 
the instantaneous water velocity-cubed at z = 3 cm were used in this analysis. The 
instantaneous calibration coefficient at each data point was then estimated using 
Equation 7.4 to give a time series of the estimated calibration coefficients during each 
tide. 
(7.4) 
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Uprushes and backwashes were normalised by time (LIt / D = Om) and divided by the 
time-averaged calibration coefficients during uprushes and backwashes. All events were 
then ensemble-averaged. The variation in the calibration coefficients relative to the mean 
during uprushes and backwashes are presented in Figure 7.3 (pg. 143). 
Variations in calibration coefficients during swashes were similar for all tides. During 
both uprushes and backwashes, the ensemble-averages can be divided into three sections: 
(i) start (before t / D = 0.2), (ii) middle (t ID = 0.2 - 0.8) and (iii) end (after t / D = 0.8). 
At the start of uprushes, calibration coefficients were higher than the mean (i.e., 
ki.u / <ki.u > "" 1.0 - 2.2). In section 6.3 (pg. 103), it was shown that the water velocity 
varied markedly with depth at this time. This was caused (at least partly) by the time 
delay between the flow reaching the lower and upper EMCMs. The water velocity 
profile at the start of uprushes appeared to be reversed, so the vertically-integrated 
suspended sediment transport may have been over-estimated (and thus similarly the 
calibration coefficients) at this time. During the middle of uprushes the calibration 
coefficients remained relatively constant (i.e., ki.u / <ki.u > "" 0.8 - 1.2), whilst at the end 
of uprushes they increased (ki .u / <kiu > "" 1.0 - 1.7). This was caused by sediment 
remaining in suspension around flow reversal (section 6.4, pg. 108). The low water 
velocities at the start of backwashes similarly lead to higher than mean calibration 
coefficients (i.e., ki.b / <ki.b > "" 1.0 - 6.0). During the middle and end of backwashes 
the calibration coefficients remained relatively constant around their mean (i.e., 
ki.b / <ki.b > '" 0.8 - 1.4). 
The most important outcome of this analysis is that the calibration coefficients remained 
constant around the early middle of uprushes and the middle and end of backwashes. At 
these times the bulk of suspended sediment transport occurred (section 6.5, pg. 118). 
Therefore, the instantaneous water velocity-cubed model can be used to reasonably 
predict the gross vertically-integrated suspended sediment transport during both uprushes 
and backwashes at the swash station. At other times, when suspended sediment transport 
rates were lower, model predictions were less reliable. However, this does not 
significantly affect the overall model performance, because suspended sediment transport 
rates at these times were lower. 
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Figure 7.3: Ensemble average of the variation in calibration coefficients normalised by the time-
averaged calibration coeffiCient during all uprushes or backwashes (i.e., k,.u / <k,.u > or 
k'b / <ki.b » against time (t) normalised by the uprush (D,J or backwash (Db) duration at 
Perranporth during tides (a) por, (b) POlb, (c) POlo and at Sennen during tides (d) SO]" and 
(e) S02b for (i) uprushes and (ii) backwashes. The dashed line indicates one standard deviation. 
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7.4.2 Variation with station position 
The relative position of the inner surf station was quantified by the percentage of time 
that it was submerged. On the rising tide, the inner surf station was initially in the upper 
swash, then the lower swash and then the inner surf zone at high tide. As the tide ebbed, 
it subsequently moved back into the lower swash and finally into the upper swash zone. 
The inner surf station time series during each tide were divided into ten-minute sections. 
A least-squares linear regression was carried out between the instantaneous immersed 
weight suspended sediment transport rate and the instantaneous water velocity-cubed to 
give the calibration coefficients in each block of data. It was assumed that differences 
between the rising and falling tides were negligible and that only the percentage 
submergence was important. This assumption is justified by the lack of differences 
between changes in morphology on the rising and falling tides (section 4.5, pg. 70). If 
sediment transport were biased significantly by tidal variations, the morphology data 
would have reflected this. The variation in calibration coefficients with percentage 
submergence is shown in Figure 7.4 (pg. 145). 
The calibration coefficients varied through tides during both uprushes and backwashes. 
However, of the sixty-nine ten-minute blocks of data available for analysis, the 
calibration coefficient in a block of data was only less than 50% or greater than 200% of 
the mean during the entire tide in five cases. All of these occurred during tide S02a when 
the percentage submergence was over 80% (i.e., in the inner surf zone). No generic 
patterns were observed, such as increasing or decreasing calibration coefficients with 
rising submergence. This shows that the position of the hydrodynamic and sediment 
transport station in the swash zone does not significantly affects the calibration 
coefficients of the instantaneous water velocity-cubed model. A comparison between the 
mean calibration coefficients obtained using swash and inner surf zone data is presented 
in Table 7.3 (pg. 146). 
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Figure 7.4: Variation in uprush and backwash calibration coefficients over ten-minute sections 
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and at Sennen during tides (d) S02" and (e) S02b. The solid and dotted lines show the mean 
calibration coefficients for uprushes and backwashes respectively over entire tides. 
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Table 7.3: Least-squares linear regression between the instantaneous vertically-integrated 
immersed weight suspended sediment transport rate (I(mYJ and the instantaneous water ve!ocity-
cubed in the swash and inner surfzones at Perranporth (Pal) and Sennen (S02). The calibration 
coefficients (k) and associated regression coefficients (If) are given for uprushes (subscript u) 
and backwashes (subscript b). N represents the number of data points used and the subscript i 
indicates the use 0 instantaneous water ve!oci data. 
Swash zone Inner surf zone 
Tide N R N R 
POr 2465 0.68 3195 0.88 18206 0.75 
POl b 1981 1.61 0.48 2762 1.05 0.66 15915 3.01 0.55 22053 1.08 0.41 
POle 1090 1.33 0.51 1031 0.48 0.37 3520 2.05 0.69 14990 0.20 0.24 
S02a 923 3.14 0.60 1207 2.19 0.58 18141 8.74 0.36 41106 3.68 0.26 
S02' 2948 2.99 0.64 2824 1.10 0.44 27758 2.39 0.47 28786 0.59 0.33 
The calibration coefficients using inner surf station data were different to those 
determined using swash station data. In Figure 7.4 (pg. 145), it was apparent that 
calibration coefficients remained stable whether measurements were made in the swash 
or inuer surf zone. Calibration coefficients were not consistently greater at the swash or 
inuer surf station. This suggests that the efficiency of sediment suspension and transport 
is similar in both the swash and inuer surf zones. It was not possible to adjust the sensor 
heights on the inner surf station due to the large amount of time that it was completely 
submerged. Changes in bed elevation at the inner surf station may have caused 
significant errors in both the vertically-integrated suspended sediment transport rate and 
the water velocity input into the model (section 8.5, pg. 163). This alters the model 
calibration coefficients, causing the differences observed in the calibration coefficients 
when swash and inuer surf station data are used. 
In this section, it has been demonstrated that calibration coefficients: (i) do not vary 
significantly during uprushes and backwashes at times of high sediment transport and 
(ii) do not depend on whether measurements are made in the swash or inner surf zone. 
This being the case, it is reasonable to use the model to predict morphological change. 
However, due to measurement errors and/or differing processes importance, calibration 
coefficients varied between tides and (ii) with different hydrodynamic and sediment 
transport stations. Therefore, as it stands the instantaneous water velocity-cubed model 
cannot be generally applied to beaches using pre-defined calibration coefficients. In 
Chapter 8, potential error sources are identified and scrutinised to establish why the 
calibration coefficients varied in this way. 
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7.5 Vertically-integrated against predicted snspended sediment transport rate 
A comparison was made between the vertically-integrated and predicted immersed 
weight sediment transport rates using the instantaneous water velocity-cubed model. The 
calibration coefficients used were those given in Table 7.1 (pg. 132). Sections of the 
high tide time series measured using swash station data is presented in Figure 7.5. 
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Figure 7.5: Time series of the vertically-integrated I(m) and predicted I(P) immersed weight 
suspended sediment transport rates for a section of high tide data at Perranporth during tides 
(a) por, (b) P01b, (e) por and at Sennen during tides (d) sor and (e) S02b. 
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General trends in the vertically-integrated and predicted sediment transport rates were 
similar for most tides, particularly at Perranporth. The model worked least well during 
tide S02" at Sennen, due to OBS saturation. The model appears to perform slightly better 
during backwashes than uprushes. However, the vertically-integrated suspended 
sediment transport rate was often higher than the model predictions at the start of 
uprushes and end of backwashes. Possible explanations for this are: (i) enhanced 
sediment transport at high water velocities (potentially due to turbulence) resulting in an 
under-prediction of sediment transport and/or (ii) the use of mean water velocity profiles 
at these times leading to over-prediction of the vertically-integrated sediment transport. 
In order to quantify the efficiency of the instantaneous water velocity-cubed model, a 
discrepancy ratio (u) was used (e.g., van Rijn, 1984). A discrepancy ratio 
(Equation 2.21, pg. 54) was determined at each data point where the vertically-integrated 
and predicted sediment transport rates were non-zero. 
I(m), 
U=--
I(p), 
(2.21 ) 
Using all ratios calculated (i.e., N = 2930 - 26667) the percentage ofthe total in the range 
a = lIr - r was determined from r = 1 - 10 at intervals of L1r = 0.01 for each tide. The 
results of this analysis are presented in Figure 7.6 (pg. 149). 
The discrepancy ratios show that the model performed better at Perranporth than at 
Sennen. This is caused by a number of factors including: (i) swashes were shorter in 
duration at Sennen, so fewer measurements were available during each event, 
(ii) morphological adjustments were greater at Sennen (section 4.5, pg. 57), which 
increases measurement errors, (iii) the upper threshold of the lowermost OBS was 
exceeded at the start of some uprushes, (iv) it was assumed that these was no phase 
difference between water velocities and suspended sediment concentrations and (v) bore-
generated turbulence at the start of uprushes was not measured. At Perranporth, the 
impacts of these affects were less than at Sennen, so predictions were closer to the depth 
integrated suspended sediment transport rates measured. Table 7.4 (pg. 150) summarises 
the discrepancy ratios obtained. 
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Figure 7.6: Discrepancy ratio of the instantaneous vertically-integrated suspended sediment 
transport rate against predicted sediment transport rate using the instantaneous water veiocity-
cubed model at Perranporth during tides (a) por, (b) POlb, (c) por and atSennen during tides 
(d) S02a and (e) S02b for (i) uprushes and (ii) backwashes showing the range (r) and the 
percentage of predictions in that range. 
149 
Table 7.4: Number of data points used (N) alld the percentage of predictions in the discrepancy 
o (%) when r = 2 at Perranporth (POl) and Sennen (S rati 02). 
Uprushes Backwashes 
Study N % N % 
POl" 5568 30 8872 56 
POlb 6341 21 IJ233 36 
POl' 2930 38 4791 40 
S02d IJ371 4 26667 8 
S02' 19689 25 23008 35 
The percentage of discrepancy ratios included when r = 2 (i.e., I(m); /I(P}j = 0.5 - 2) was 
21 % - 38% during uprushes and 36% - 56% during backwashes at Perranporth. At 
Sennen, these reduced to 4% - 25% and 8% - 35% respectively. The discrepancy ratios 
were particularly low during tide Sal", again due to OBS saturation. During all tides, 
model predictions were closer to the vertically-integrated suspended sediment transport 
during backwashes. The water velocity profile was steeper between z = 3 cm and 
z = 6 cm during backwashes (section 6.3, pg. 123). The water velocity input into the 
model was therefore closer to that in the free-stream during backwashes. Since the free-
stream water velocity is a theoretically requirement of this model, this can account (at 
least in part) for predictions during backwashes being better than during uprushes. 
van Rijn (1984) determined discrepancy ratios for some sediment transport models 
developed for flows in rivers. He found that the discrepancy ratios (when r = 2) were 
typically between 40% and 60% in fluvial studies. The discrepancy ratios determined in 
this study were lower than these values during all tides for uprushes and three out of five 
tides for backwashes. van Rijn (1984) suggested that if less than 44% of discrepancy 
ratios are included when r = 2, then the model performance is poor. Therefore, except 
for backwashes during tide pal", the performance of the instantaneous water velocity-
cubed model was poor. However, in rivers flows are uni-directional and normally less 
complex, so discrepancy ratios would be expected to be higher. Discrepancy ratios have 
not been previously determined in swash zone studies, so further comparisons with the 
literature cannot be made. 
7.6 Validation against morphological change 
One of the main strengths of this project as a whole is that comprehensive morphology 
data sets were collected during the deployment of hydrodynamic and sediment 
transport stations. The morphological data were used for model testing purposes. In 
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section 7.4 (pg. 141), it was shown that calibration coefficients remained relatively 
constant during both uprushes and backwashes, as well as over individual tides. This 
indicates that the model is usable at a range of time-scales from instantaneous 
measurements to individual tides. The dry mass suspended sediment transport rate time 
series (section 6.5, pg. 118) and the instantaneous water-velocity-cubed model 
predictions were used in this analysis. The predictions of the instantaneous water 
velocity-cubed model at each data point were converted from immersed weight to dry 
mass sediment transport rates, I1Pi (kg m·1 S·I) using Equation 7.5. 
"'Pi = P,!(P)i 
g(p, -pJ (7.5) 
The vertically-integrated and predicted dry mass sediment transport rates in both the 
onshore and offshore directions were summed over the entire time series and divided by 
the measurement frequency (i.e., 8 Hz). This gave the vertically-integrated, I1m (kg m· l ) 
and predicted, I1p (kg m· l ) mass of sediment passing the swash station over high tide in 
both the onshore and offshore directions. The net dry mass suspended sediment transport 
was determined by simple subtraction. 
The survey data were linearly interpolated to cross-shore intervals of LIx = 0.1 m. The 
change in elevation at each position over high tide, LIz(x) (m) was established. The total 
measured change in sediment mass onshore of the swash station, Qdry (kg m· l ) was then 
determined using Equation 2.15 (pg. 51). 
(2.15) 
where d (m) is the cross-shore distance between the swash station and the wave run-up 
limit. This equation assumes that net along-shore sediment transport was negligible, 
which is supported by the morphological measurements (section 4.5, pg. 70). The results 
of this analysis for all tides are presented in Table 7.5. 
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Table 7.5: Comparison between the vertically-integrated (!Jm) and predicted (!Jp) change in 
sediment mass onshore of the swash station per unit metre width of beach, the onshore sediment 
dry mass sediment transport (subscript on) and offthore dry mass sediment transport (subscript 
oj]) with the dry mass sediment transport measured using survey data (Qdry) for entire tides at 
Perranporth (POl) and Sennen (S02). 
Units por POl' POl' S02a SOl' 
.dm{on) (kg m") 211 123 69 375 2904 
4m(QjJ} (kg m") -268 -182 -80 -1031 -2191 
4m (kg m") -57 -59 -19 -656 713 
!Jp(,v) (kg m") 446 368 129 3473 5220 
!Jp('jJ} (kg m") -372 -367 -119 -4732 -2649 
t.p (kg m·l) 73 12 10 -1259 2571 
Qd~ (kg fil) 78 30 30 200 1320 
The ratios of gross to net sediment transport were (Llm(on) + Llm(off)) / Llm = 2.1 - 8.4 for 
vertically-integrated suspended sediment transport and (LlP(on) + LlP(on))/ Llp ~ 2.8 - 61 for 
predicted sediment transport. Thus, gross suspended sediment transport was always at 
least twice net suspended sediment transport. The ratios between the measured and 
predicted onshore and offshore sediment transport were close to unity, but 
varied markedly between tides (Llm(on) / Llm(off) = 0.48 - 1.71; LlP(on) / Llp(off) = 0.36 - 1.33). 
During tide S02a, the ratios of gross to net sediment transport and onshore to offshore 
sediment transport were lowest. The discrepancy ratios indicated that model predictions 
were furthest from those measured during this tide (section 7.5, pg. 147). 
When gross sediment transport is high in the swash zone, but net sediment transport is 
relatively low, small errors in the former lead to large errors in the latter. This makes the 
quantification of net sediment transport particularly challenging. Indeed, this applies to 
any swash zone sediment transport model developed. At Perranporth, the sediment 
transport direction was correctly predicted during all tides. The difference between the 
model predictions and that measured by surveying at Perranporth were less than 
30 kg m·1 tide· l • This suggests that potential error sources were low at Perranporth and 
that processes not included in the model have a relatively small impact on the predictive 
capabilities of this model. However, these results are of debateable validity because the 
measured sediment transport at the swash station was offshore despite the strong 
predictions. This is a fundamental problem when considering small differences between 
large amounts, since the errors tend to dominate. 
At Sennen, the measured morphological change was within 16% (tide S02b) and 49% 
(tide S02°) of the gross dry mass sediment transport over high tide. However, net 
sediment transport predictions were worse, with even the direction of net sediment 
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transport being poorly predicted. The morphology data (section 4.5, pg. 70) showed that 
the bed elevation at Sennen varied by up to around 17 cm over single tides. The poorer 
model performance may be due to: (i) difficulties associated with maintaining sensors at 
fixed elevations and (ii) the non-inclusion of all important processes in the model, such 
as bore-generated turbulence, which may have a greater affect on steep beaches. 
The major drawback with the instantaneous water velocity-cubed model as it stands is 
that the calibration coefficients vary between tides, which seriously restricts any general 
application to beaches. Indeed, because each tide requires different calibration 
coefficients, the model could be viewed to be useless. Improved field swash zone 
measurements and technological developments are required to test this model more 
thoroughly. In particular, high frequency measurements of: (i) water velocity profiles, 
(ii) bed shear stress (iii) turbulence and (iv) morphological adjustments at hydrodynamic 
and sediment transport stations are required. This will facilitate not only improved 
measurements of vertically-integrated suspended sediment transport rates, but will also 
improve model development by allowing processes such as bed shear stress and bore-
generated turbulence to be directly incorporated. Furthermore, the quantification of the 
relationship between bedload and suspended load sediment transport in the swash zone is 
essential to progress this model further. The time-averaged relationship between bedload 
and suspended load sediment transport could be quantified using concurrent streamer 
trap and hydrodynamic and sediment transport station measurements. During this study, 
only five tides were available for analysis. To demonstrate the capabilities and 
limitations of this model conclusively, data from a greater number of tides on a range of 
beaches is also required. 
7.7 Summary 
The instantaneous vertically-integrated dry mass suspended sediment transport rates 
determined in section 6.5 (pg. 118) were converted to instantaneous vertically-integrated 
immersed weight suspended sediment transport rates using Equations 3.11 and 3.12 
(pg. 76). These were summed over uprushes and backwashes, and divided by the 
measurement frequency (8 Hz) to give time-averaged immersed weight suspended 
sediment transport rates. Bagnold's (1963) model, using both instantaneous and time-
averaged water velocities, was applied to data collected at the swash station. Using time-
averaged (instantaneous) water velocities the calibration coefficients were 
ku = 19.6 - 51.8 kg m-l (k;.u = 8.8 - 23.9 kg mol) for uprushes and kb = 2.3 - 21.0 kg m-l 
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(k;,b= 1.2 - 11.2 kg m·3) for backwashes. The calibration coefficients and regression 
coefficients (R2= 0.28 - 0.83) were similar to those found in previous studies using 
streamer traps to measure the time-averaged total load immersed weight sediment 
transport (e.g., Hardisty et aI., 1984; Hughes et al., 1997; Masselink & Hughes, 
1998). The ratio of uprush to backwash coefficients were kul kb = 2.4 - 8.5 and 
k;.ul k;.b = 2.0 - 7.3 when time-averaged and instantaneous water velocities were used 
respectively. These are higher than the ratio of two found by Masselink & Hughes 
(1998), potentially due to the non-inclusion of bed load sediment transport in this study. 
At each data point during uprushes and backwashes, the instantaneous immersed weight 
suspended sediment transport rate was predicted using the instantaneous water velocity 
raised to different powers (i.e., I(mJI = k;ut, where n = 1 - 6). A least-squares linear 
regression was carried out between the instantaneous vertically-integrated immersed 
weight suspended sediment transport rate and instantaneous water velocity to the 
appropriate power to give the calibration and regression coefficients. Masselink & 
Hughes (1998) demonstrated that alternative powers of water velocity could be used to 
predict suspended sediment transport rates (using streamer traps). The regression 
coefficients were similar using water velocity powers from two to four for both uprushes 
and backwashes. A water velocity-cubed relationship has been applied previously in the 
swash zone (e.g., Masselink & Hughes, 1998). Rather than developing another empirical 
sediment transport equation, a water velocity-cubed approach was pursued. The 
vertically-integrated suspended sediment transport rate in this case is related to the rate of 
energy dissipation. A water velocity-cubed model represents an adaptation of Bagnold's 
model to give instantaneous suspended sediment transport rates. 
The regression coefficients of the instantaneous water velocity-cubed model 
(i.e., I(m); = k;u/) were higher during uprushes (R2 = 0.48 - 0.68) than backwashes 
(R2 = 0.37 - 0.88). The regression coefficients of obtained using this model were always 
within R2 = 0.04 of the model which performed best. These regression coefficients are 
similar to those obtained during the application of Bagnold's time-averaged sediment 
transport model. The calibrations of the instantaneous water velocity-cubed model were 
however based on around an order of magnitude more data points (N = 923 - 3195). 
Using an instantaneous water velocity-cubed relationship, instantaneous vertically-
integrated suspended sediment transport can be modelled at least as reliably as time-
averaged suspended sediment transport using Bagnold's model. 
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The calibration coefficients of the instantaneous water velocity-cubed model varied 
significantly between tides (i. e., k;,u = 1.33 - 3.14 kg m,3; ki.b = 0.48 - 2.35 kg m'\ This 
was caused by not all important processes being included in the model and measurement 
errors. Using all swashes, the mean calibration coefficients were greater during uprushes 
than backwashes at both Perranporth (uprushes: ki.u = 1.96 kg m,l, s.d. 0.70 kg m'l; 
backwashes: ki.b = 1.29 kg m'l, s.d. 0.78 kg m'l) and Sennen (uprushes: ki.u = 3.07 kg m,l, 
s.d. 0.07 kg m'l; backwashes: ki.b = 1.65 kg m'l, s.d. 0.55 kg m'\ and calibration 
coefficients at Sennen were higher than those at Perranporth. This shows that: (i) 
uprushes are more efficient at transporting sediment than backwashes and (ii) the 
efficiency of sediment transport is greater at Sennen during both uprushes and 
backwashes. The greater sediment transport efficiencies can be explained in terms of bed 
shear stresses. Bed shear stresses were also greater during uprushes than backwashes and 
higher at Sennen compared to Perranporth (section 6.3, pg. 103). The higher bed shear 
stresses during uprushes promote greater onshore compared to offshore sediment 
transport (section 6.5, pg. 118), and thus the accretion measured in the swash zone 
(section 4.5, pg. 70). 
For the model to be generally applicable on beaches, the calibration coefficients should 
remain constant during both tides and swashes. When the variation in calibration 
coefficients were investigated over individual tides, it was shown that once the flow was 
established (i.e., t / D > 0.3) the calibration coefficients remained more or less constant 
(i.e., ki.u / <ki.u > and ki.b / <ki.b> = 0.8 - 1.4). Data from the inner surf zone were used to 
assess variations in the calibration coefficients during tides. These coefficients were 
different to those at the swash station, but not consistently greater or smaller. This 
suggests that these differences are due to measurement errors caused by bed elevation 
changes at hydrodynamic and sediment transport stations, because the instrument heights 
on the inner surf station could not be adjusted during tides. The percentage of time that 
the inner surf station was submerged was used to give an indication of its cross-shore 
location relative to the wave run-up limit. The calibration coefficients were shown to be 
independent of percentage submergence (i.e., whether measurements were made in the 
swash or inner surf zone). 
Importantly, the calibration coefficients of the instantaneous water velocity-cubed model 
remained stable throughout tides and during both uprushes and backwashes at times of 
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high sediment transport. This indicates that this model can be used to predict the 
vertically-integrated suspended sediment transport over entire tides. The model 
performed equally well using data from the inner surf station. Therefore, the importance 
of processes may remain similar regardless of cross-shore location. This model can be 
applied between the inner surf and swash zones, providing that appropriate calibration 
coefficients are known. 
Using the entire time series, the vertically-integrated and predicted sediment transport 
rates exhibited similar trends, except during tide S02a due to DES saturation. However, 
the vertically-integrated suspended sediment transport was often greater than the model 
predictions at the start of up rushes and end of back washes. Possible explanations for this 
include: (i) enhanced sediment transport at high water velocities (potentially due to 
turbulence) resulting in an under-prediction of sediment transport andlor (ii) the use of 
mean water velocity profiles at the start of uprushes and end of backwashes leading to an 
over-prediction of the vertically-integrated sediment transport. 
A discrepancy ratio (i.e., vertically-integrated divided by predicted sediment transport 
rate) was calculated at all measurement points where both were non-zero 
(N= 2930 - 26667). Between 21% and 56% of model predictions were between half and 
twice the vertically-integrated suspended sediment transport rate for all tides, except tide 
S02a at Sennen. These percentages show that the performance of this model is poor 
compared to previous fluvial studies (e.g., van Rijn, 1984). This may be caused by 
swash zone measurements being more challenging to make, which are compounded by 
oscillatory flows being more complex. 
One of the main strengths of this project is that comprehensive morphological 
measurements were made at the same time as the hydrodynamic and sediment transport 
stations were deployed. The instantaneous water velocity-cubed model was tested by 
comparing the measured morphological change onshore of the swash station to the net 
vertically-integrated and predicted dry mass sediment transport rates over entire tides. 
This showed that: (i) gross sediment transport was at least twice net sediment transport, 
(ii) morphological changes at Perranporth measured by beach surveying were within 
30 kg m·1 tide·1 of that predicted by the model, (iii) the measured sediment transport at 
the swash station at Perranporth was offshore, despite the encouraging model predictions, 
(iv) the net sediment transport direction was correctly predicted at Perranporth and (v) 
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the model performed worse at Sennen, with even the direction of net sediment transport 
not being consistently predicted. The poorer model performance at Sennen can be 
explained in terms of the greater measurement errors, the more frequent satnration ofthe 
OES at the start of uprushes and the greater importance of processes not included in the 
model, such as bore-generated turbulence. 
The calibration coefficients of the instantaneous water velocity-cubed model varied 
between tides, which seriously inhibits the general application of this model to beaches. 
The differences in calibration coefficients between tides are at least partially due to 
measurement errors (section 8.5, pg. 163). Further swash zone field measurements and 
technological developments are required to test this model more thoroughly, including 
direct measurements of: (i) water velocity profiles, (ii) bed shear stresses (iii) turbulence 
and (iv) morphological adjustments at hydrodynamic and sediment transport stations. 
This will improve model predictions by allowing other potentially important processes 
(such as directly measured bed shear stresses and tnrbulence) to be incorporated, as well 
as reducing errors in the measurement of vertically-integrated suspended sediment 
transport rates. Furthermore, the quantification of the relationship between bedload and 
suspended load sediment transport in the swash zone would be instructive. This could be 
achieved (in the case of time-averaged sediment transport) using concurrent 
hydrodynamic and sediment transport station data and streamer trap measurements. To 
demonstrate the capabilities and limitations ofthis model conclusively, further data from 
a greater number of tides on a wider range of beaches is also required. 
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CHAPTER 8: DISCUSSION 
8.1 Introduction 
In this chapter, the answers to the questions originally posed in Chapter 2 (pg. 5) 
regarding swash zone hydrodynamics and sediment transport are discussed. The general 
characteristics of uprushes and backwashes are outlined (section 8.2, pg. 158). The 
general theme of this project as a whole was to investigate differences between swash on 
steep and gently-sloping beaches, so these are then addressed (section 8.3, pg. 159). The 
shapes of suspended sediment concentration profiles are then evaluated in the swash 
zone, and compared to those found by previous authors in the surf zone (section 8.4, 
pg. 162). Potential errors in the determination of vertically-integrated suspended 
sediment transport rates are investigated and their impacts on the results obtained are 
discussed (section 8.5, pg. 163). The capabilities and limitations of the instantaneous 
water velocity-cubed model are investigated (section 8.6, pg. 168). An assessment ofthe 
affects on energetics-based model when the water velocity is measured in the boundary 
layer is then carried out. Finally, further work is suggested to advance our knowledge of 
sediment transport in the swash zone (section 8.7, pg. 173). 
8.2 Description of uprushes and backwashes 
The flow velocity at the start of uprushes commonly exceeds u = 2 m S·I. The 
concurrence of strong flows and high turbulence results in the mixing of large amounts of 
sediment (C ~ 200 kg m-3) relatively high into the water column (Is = 3 - 7 cm). Despite 
the intense turbulent mixing around the leading edge of uprushes, the shear velocity is 
large (u* ~ 0.04 - 0.12 m S-I). Assuming that both flow velocity measurements are made 
within the logarithmic boundary layer, the mean bed shear stress derived from the water 
velocity profile is up to Tb = 28 N m-2• The boundary layer during the majority of 
uprushes is at least 3 cm thick, because there is a clear difference between the water 
velocity at z = 3 cm and z = 6 cm. The top of the boundary layer could lie between these 
elevations. This would make the calculated bed shear stresses even larger. Rather, it is 
suggested that the boundary layer extends all the way up to the water surface, due to 
intense turbulent mixing at the front of up rushes, as suggested by the suspended sediment 
concentration profiles. So, in contrast to "normal" wave boundary layers, it is suggested 
that the boundary layer at the start of uprushes is fully developed, as well as being 
characterised by large shear velocities. A fundamental difference between wave and 
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swash water motions is that the onshore stroke of wave motions commences at flow 
reversal with no boundary layer in place (since u = 0 m sol). However, uprushes start 
lower on the beach, which gives time for the boundary layer to develop. A boundary 
layer extending over the entire water column would also explain why the friction 
coefficients required for uprushes are greater than those for backwashes. If the boundary 
layer thickness during uprushes were greater than 6 cm, then the free-stream water 
velocity would have been under-estimated, resulting in a friction factor for uprushes that 
is too large. Following the passage of the front of uprushes and their "wake", the 
turbulence level (e.g., Osbome & Rooker, 1999), flow velocity and bed shear stress 
rapidly decrease and the sediment settles out. 
The flow during backwashes is initially laminar, but quickly becomes turbulent by the 
end of the cycle (e.g., Osbome & Rooker, 1999). Significant quantities of sediment are 
suspended into the water column (C ~ 100 kg m-3) during the second half of back washes, 
when the flow velocity exceeds u = 1 m s-'. As the flow accelerates, the suspended 
sediment concentration and associated fluxes increase progressively. Throughout 
backwashes, the vertical mixing of sediment is limited (Is = 2 - 3 cm) and the suspended 
sediment remains close to the bed. A water velocity gradient develops during the second 
half of back washes, reaching u* = 0.02 - 0.10 m sol. During backwashes, the mean bed 
shear stress reach up to Tb = 24 N m-2• The boundary layer during the second half of 
backwashes is at least 3 cm thick. The suspended sediment fluxes at the start of uprushes 
and the end of backwashes are comparable. However, hydrodynamics and sediment 
transport at the tail of backwashes remain largely unknown due to measurement 
difficulties in such shallow flows (i.e., h < 3 cm). Visual observations suggest that flow 
velocities decrease close to the end of backwashes, but suspended sediment 
concentrations and hence suspended sediment transport is expected to be substantial. 
Moreover, bedload sediment transport component at this time is also likely to increase. 
8.3 Swash on a gently-sloping and steep beach 
Throughout this study, it has become increasingly apparent that there are major 
differences in swash hydrodynamics and sediment transport on different beach types. So 
what are the main similarities and differences between swash on steep and gently-sloping 
sandy beaches? A wide range of characteristics were measured and determined in this 
study on both types of beaches. The mean and standard deviation of these characteristics 
for all uprushes and backwashes at each field site are summarised in Table 8.1. 
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Table 8.1: Summary of mean (and associated standard deviation in brackets) of sw ash 
characteristics measured at Perranporth (P01) and Sennen (S02) during all uprushes and 
backwashes including: beach slope (tan {J), median grain diameter (dso), significant nearshore 
wave height (HI/3), surf scaling parameter (SSP), width of the swash zone (Sw;d,,,), swash duration 
(D), cross-shore water velocity (u), suspended sediment concentration (C), bed reference 
concentration (Co), mixing length (I,), bed shear stress (7:b), dry mass suspended sediment 
transport passing the swash station per swash (,1O, calibration coefficients of the instantaneous 
water velocity-cubed model (k), predicted onshore and offihore sediment transport mass passing 
the swash station per tide using swash station data (Ap), maximum change in bed elevation over 
a single tide (,1/) and total change in bed elevation OVer the entire fieldwork (Ai). The 
subscripts on, off, net, u, band i denote onshore, offihore, net, uprushes, backwashes and the use 
of instantaneous water velocitv data respective/y. The caret $Lmbol denotes peak. 
Beach characteristics 
tan (3 D,o H1/3 SSP Swidlh 
Units - mm m - m 
pot 0.D3 0.27 0.87 63 25 
; (0.01) (0.01) (0.29) (38) (7) 
S02 0.09 0.55 0.74 6 9 
(0.01) (0.03)_ iO.21) (2) (3) 
Hydrodynamics and suspended sediment 
Du Db Uu Ub Cu Cb Co(u) Co (b) IsM I, (h) Tb (u) Tb (h) 
Units s s m S-1 ms- I kg m" kg m" kg m" kg m" m m Nm,2 Nm'2 
pot 8.6 16.3 1.50 -1.25 124 60 89 65 0.034 0,024 13,8 5.2 
(3.2) (604) (0041) (0.53) (62) (38) (27) (26) (0.003) (0,004) (5.7) (1.6) 
S02 3.8 4.8 2.17 -2040 198 85 249 219 0.049 0.026 18,2 12,9 
(0.7) (1.7) (0.61) (0.63) (42) (56) (97) (122) (0.016)(0,002) (9.4) (11.3) 
Suspended sediment transport, instantaneous water velocity-cubed model and morphological change 
Q" Qoff kj,u kj,b fjP(on) "'PM!! LIz' LlzL 
Units kg m" kg m' kg m" kg m" kg m" kg m" cm cm 
pot 26 -21 1.96 1.29 310 -310 1.0 30 
(7) (11) (0.70) (0,78) (140) (80) (0.5) (-) 
S02 42 -25 3.07 1.65 4350 -3690 2.0 60 
(11) (13) (0.07) (0.55) (870) (1040) (1.2) (-) 
The fundamental difference between Perranporth and Sennen is that the latter is three 
times steeper. This leads to differing nearshore conditions, which propagate into the 
swash zone. The surf scaling parameter classifies beaches according to the relationship 
between wave conditions and beach characteristics. The significant nearshore wave 
heights were similar on both beaches but, due to the lower beach slope at Perranporth, 
the surf scaling parameter was an order of magnitude higher. The lower the surf scaling 
parameter the greater morphological adjustments tend to be. This is consistent with the 
changes in morphology measured, which showed that adjustments were around twice as 
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high at Sennen. The beach slope and wave conditions control the width of the swash 
zone. Since wave conditions on both beaches were similar, the swash zone was three 
times wider at Perranporth. This caused the duration of uprushes and backwashes to be 
shorter at Sennen. However, maximum flow velocities at Sennen were double those at 
Perranporth, because less energy was dissipated in the nearshore of the former. This 
results in a greater rate of energy dissipation in the swash zone at Sennen. This energy is 
primarily used to suspend and transport sediment, so suspended sediment concentrations 
were around 50% higher at Sennen. 
The plume of sediment entrained into the water column increases broadly exponentially 
in concentration towards the bed. This is driven by the upwards-directed suspended 
sediment concentration gradient and the downwards settling of particles (Nielsen, 1979). 
The median grain diameter at Sennen was around twice that at Perranporth, so sediment 
in suspension at Sennen settles out more rapidly. This is counter-balanced by the higher 
suspended sediment concentration gradient at Sennen. The mixing lengths during 
uprushes were larger than during backwashes, and higher at Sennen than at Perranporth. 
This may be caused by higher bore-generated turbulence during uprushes, and relatively 
higher bore-generated turbulence levels on steep beaches (e.g., Puleo et al., 2000), which 
encourage greater sediment mixing. 
Suspended sediment concentrations, flow velocities and water depths at Sennen were 
greater than at Perranporth. Thus, suspended sediment transport rates were around two 
to three times greater during both uprushes and backwashes at Sennen. In terms of gross 
suspended sediment transport during uprushes and backwashes, this is counterbalanced 
by the duration of swashes at Sennen being around a third those at Perranporth. As a 
result, gross suspended sediment transport during uprushes and backwashes was similar 
at both field sites. At Sennen, the swash width was much narrower and a greater number 
of swashes occurred over high tide due to the dominance of incident frequency water 
motions (compared to infragravity frequency water motions at Perranporth). The gross 
and net suspended sediment transport over tides was consequently around an order of 
magnitude greater at Sennen, and the resulting net suspended sediment transport was also 
higher and more variable. 
Bed shear stresses were greater during uprushes than backwashes, which caused 
suspended sediment transport to be relatively more efficient during uprushes. As a 
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result, the calibration coefficients of the instantaneous water velocity-cubed were around 
twice as high during uprushes compared to backwashes. The higher flow velocities at 
Sennen lead to greater bed shear stresses compared to those at Perranporth during both 
uprushes and backwashes. The calibration coefficients of the instantaneous water 
velocity-cubed model were also around twice as high at Sennen compared to Perranporth 
during both uprushes and backwashes to account for this. 
8.4 Suspended sediment concentration profiles 
One of the most important findings of this study is that suspended sediment 
concentrations in the swash zone increase broadly exponentially towards the bed. Due to 
the lack of high frequency high-resolution swash zone field data, this had not been 
previously demonstrated. It was shown that the sediment diffusion model of Nielsen 
(1979) could be applied to predict suspended sediment concentration profiles. During 
both uprushes and backwashes bed reference concentrations were greater at Sennen 
(uprushes: Co = 249 kg m·3, s.d. 97 kg m-3; backwashes: Co = 219 kg m·3, s.d. 122 kg m-3) 
than at Perranporth (uprushes: Co = 89 kg m-3, s.d. 27 kg m·3; backwashes: 
Co = 65 kg m·3, s.d. 26 kg m-3). The presence of bore-generated turbulence may account 
for mixing lengths being larger during up rushes at both field sites, since this increases the 
eddy viscosity of water. Figure 8.1 shows the cycle-mean suspended sediment 
concentration profiles in the swash zone (combining the results from Perranporth and 
Sennen), compared to those determined in the surf zone by previous authors. 
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Figure 8.1: Variation in the ensemble-averaged cycle-mean suspended sediment concentration 
(C) with depth in the (a) sur/zone (mean using Black & Rosenberg. 1991; Kroon. 1991; Osborne 
& Greenwood. 1993; Black et al. 1995; Masselink&Pattiaratchi. 1998; Green & Black. 1999; 
Voulgaris & Collins. 2000) and (b) swash zone (this study). The dotted line indicates one 
standard deviation. 
Cycle-mean mixing lengths decrease moving between the surf (Is = 8.3 cm, s.d. 2.4 cm) 
and swash zone (Is = 3.2 cm, s.d. 1.2 cm). The greater mixing lengths in the inner surf 
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zone may be caused by relatively higher turbulence levels, which increase the eddy 
viscosity of water. Mean bed reference concentrations were around two orders of 
magnitude greater in the swash zone (Co = 140 kg m·3, s.d. 106 kg m·3) than in the surf 
zone (Co = 0.5 kg m·3, s.d. 0.1 kg m·3). The resulting cycle-mean gradient of suspended 
sediment concentration profiles are around two orders of magnitude lower in the swash 
zone than in the surf zone. Physically, the higher flow velocities and shallower water 
depths in the swash zone primarily cause bed reference concentrations to be higher, by 
entraining larger quantities of sediment into the water column. These high suspended 
sediment concentrations lead to more rapid increases in suspended sediment 
concentration towards the bed in the swash zone. Although the smaller mixing lengths in 
the swash zone also affect the suspended sediment concentration profile gradients, the 
impacts of this are lower. 
8.5 Errors in vertically-integrated suspended sediment transport 
Some swash zone studies have measured the suspended sediment concentration and 
water velocity at a single elevation and determined suspended sediment transport rates at 
that elevation (e.g., Osbome & Rooker, 1999). This can be used to investigate suspended 
sediment transport at a particular elevation, but not the vertically-integrated suspended 
sediment transport. In this study, it was shown that the water velocity decreased and the 
suspended sediment concentration increased exponentially towards the bed. So what 
difference does it make to vertically-integrated suspended sediment transport rates when 
either the water velocity and/or the suspended sediment concentrations are assumed to be 
vertically-invariant? 
To answer this, the ensemble-averaged vertically-integrated dry mass suspended 
sediment transport rates were determined for all tides using: (i) vertically-invariant water 
velocity and vertically-invariant suspended sediment concentrations (both at z = 3 cm), 
(ii) vertically-invariant water velocity (at z = 3 cm) and suspended sediment 
concentration profiles and (iii) water velocity and suspended sediment concentration 
profiles. The results of this analysis are presented in Figure 8.2. 
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Figure 8.2: Variation in the ensemble-averaged dry mass suspended sediment transport rate (Q) 
during (i) uprushes and (ii) backwashes against time (t) normalised by the uprush (D,J or 
backwash (Db) duration at Perranporth during tides (a) por, (b) pOJb, (c) POI' and at Sennen 
during tides (d) S02' and (e) S02b. Profiles of both suspended sediment concentration and water 
velocity (solid), suspended sediment concentration profiles and a vertically-invariant water 
velocity (dashed) and vertically-invariant suspended sediment concentration and water velocity 
(dotted) are assumed. 
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Patterns of change in suspended sediment transport through time are similar whichever 
methods are used. Peaks in the vertically-integrated suspended sediment transport rate 
occur at the same time, regardless of whether profiles are used or not. It is mainly the 
magnitude of suspended sediment transport that varies through time. During all tides, 
when it was assumed that the suspended sediment concentration profile was vertically-
invariant, this lead to a large over-prediction of suspended sediment transport rates. The 
suspended sediment concentration increased broadly exponentially towards the bed, so 
the suspended sediment concentration at z = 3 cm was greater than the mean over the 
entire profile. This explains the approximate doubling of vertically-integrated suspended 
sediment transport rates when suspended sediment concentration profiles were assumed 
to be vertically-invariant (using data from this elevation). 
The water velocity profile gradients (section 6.3, pg. 103) were relatively low compared 
to the suspended sediment concentration profile gradients (section 6.4, pg. 108). This 
caused the inclusion of these water velocity profiles to have little effect on verticaIly-
integrated suspended sediment transport rates. However, close to the bed, where the 
highest suspended sediment transport rates were recorded (section 6.5, pg. 118), the 
water velocity is likely in reality to have rapidly reduced. If high-resolution water 
velocity profiles were available, then it is suggested that the water velocity profiles 
would also significantly influence vertically-integrated suspended sediment transport 
rates. In previous studies, using single point measurements of the water velocity and 
suspended sediment concentration, the magnitude of vertically-integrated suspended 
sediment transport was over- or under-predicted, depending on the elevation at which 
water velocity and suspended sediment concentration measurements were made. 
However, the direction of suspended sediment transport may have been correct. 
A summary of the mean onshore, offshore and net time-averaged vertically-integrated 
dry mass suspended sediment transport over uprushes and backwashes, with profiles and 
vertically-invariant water velocities and suspended sediment concentrations assumed are 
presented in Table 8.2 (pg. 166). These are compared to the measured dry mass sediment 
transport per event from beach surveying. This was calculated by dividing the total 
change in sediment mass onshore of the swash station (Table 7.5, pg. 152) by the number 
of swashes (Table 5.3, pg. 87) during each tide. 
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Table 8.2: Comparison between the dry mass sediment transport over single swashesfrom survey 
data (Q"J with the vertically-integrated onshore (subscript on), offshore (subscript ofJ) and net 
(subscript net) dry mass sediment transport passing the swash station. The results from profiles 
of both suspended sediment concentration (C) and water velocity (u), suspended sediment 
concentration profiles and a vertically-invariant water velocity and vertically-invariant 
suspended sediment concentration and water velocity are shown at Perranporth (POl) and 
Sennen (S02). 
u: profile u: vertically-invariant u: vertically-invariant Survey 
e: profile e: profile e: vertically-invariant 
Tide Q" I Qo/J IQ,,, Qo, I Q'/J I Q,e' Qoo I Qo/J IQ,,, Qnel 
(kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) (kg m·l ) 
por 34 -33 I 40 ·32 8 109 -55 54 2 
PO]b 28 -25 3 24 -18 6 69 -32 37 I 
POl" 16 ·6 10 15 -7 8 44 -13 31 I 
S02' 31 38 ·7 33 ·45 ·12 83 -76 7 5 
S02b 52 12 40 53 15 38 120 28 92 10 
It was assumed that the water velocity had little affect on net sediment transport rates. 
When suspended sediment concentration profiles were used, the net vertically-integrated 
suspended sediment transport was in closest agreement to the results from from beach 
survey data. With the inclusion of high-resolution water velocity profiles, it is 
anticipated that these results would become in even closer agreement. When suspended 
sediment concentration profiles are not used, net onshore suspended sediment transport is 
unreasonably high (i.e., two or three swashes account for the accretion observed over an 
entire tide). This is caused by suspended sediment concentration profiles having a higher 
gradient during uprushes (section 6.4, pg. 108). Further high-resolution water velocity 
and suspended sediment concentration profile data are required to more accurately 
measure vertically-integrated suspended sediment transport rates. 
Rapid profile change measurements showed that differences in morphological 
adjustments between the rising and faIling tides in the swash zone were greater at Sennen 
(Az = ± 10 cm) than at Perranporth (L1z = ± 3 cm). The instrument elevations on the 
swash stations were adjusted over high tide in order to attempt to maintain them at 
constant elevations. However, erosion of up to Az = ± I cm (potentially greater) is likely 
to have occurred between instrument adjustments. This is an inherent difficultIy when 
attempting to make point measurements in accreting and eroding regions. When the bed 
was I cm lower (higher) than expected, each DES and EMCM elevation would be 
increased (decreased) by I cm. Instantaneous vertically-integrated dry mass suspended 
sediment transport rates were detennined assuming that I cm of erosion and accretion 
had occurred, but using the new water velocity and suspended sediment concentration 
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profiles, and adjusting the vertical extent of the sediment transport bins between sensors. 
The results of this analysis are presented in Table 8.3. 
Table 8.3: Onshore (Qo,J, offthore (Qo$ and net (Q.,J dry mass suspended sediment transport 
over single swashes assuming no change in bed elevation (.1z = + 0 cm), 1 cm of accretion 
(.1z = + 1 cm) and 1 cm of erosion (.1z = - 1 cm) at Perranporth (POl) and Sennen (S02) 
Az-+lem Az-+Oem Az --lem 
Tide Qo, I Qo!! IQ,,, Qo, I Qo!! IQ,,, Qo, I Qo!! IQ,,, 
Jlcgm") (kgm") (kg m") (kg m· l ) (kg m") (kg m'') (kg m·l ) (kg m·l ) (kg m·l ) 
por 27 -24 3 34 -33 1 43 -56 -13 
P01 b 19 -16 3 28 -25 3 35 -37 -2 
POI' 11 -3 8 16 -6 10 21 -6 15 
S02° 24 
-37 -13 31 -38 -7 35 -56 -21 
S02b 38 -8 30 52 -12 40 57 -13 44 
The rapid profile change measurements showed that erosion did not occur in the swash 
zone, at least during the rising and falling tides. Therefore, the main consideration is 
what happens when the bed elevation increases? Accretion at the swash station has two 
important affects. Firstly, the water velocity inputs are lower than at their supposed 
elevations, because the water velocity decreases towards the bed. This causes vertically-
integrated suspended sediment transport rates to be under-estimated, because the 
suspended sediment transport rate in each bin would be lower than if their correct 
elevations had been used. Secondly, the region below the bottom DBS is not present 
when the bed accretes by 1 cm. However, it was assumed in this study that this extended 
to 1 cm below this sensor. This causes an over-estimation of the suspended sediment 
transport rate in the bottom bin, and thus an over-estimate of the vertically-integrated 
suspended sediment transport rate. Essentially, the overall affect is a balance between 
these two factors. The decrease in water velocity was relatively low compared to the 
extremely rapid increase in suspended sediment concentration towards the bed. 
Therefore, the overall affect of an accreting bed is to cause the vertically-integrated 
suspended sediment transport rates to be over-estimated during both uprushes and 
backwashes. 
Accretion of 1 cm decreased both the onshore and offshore suspended sediment transport 
by similar amounts (26% and 23% respectively). Net suspended sediment transport, 
which was initially 1 % - 63% of the gross suspended sediment transport, became 
6% - 65%. Therefore, the affects on net suspended sediment transport were small, 
because the decreases in both directions were proportional. Therefore, modelling the 
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direction of net suspended sediment transport is not significantly influenced by changes 
in bed elevation. However, the magnitude of gross suspended sediment transport is 
affected. This is accounted for in the instantaneous water velocity-cubed model by the 
calibration coefficients being proportionately lower when the bed accreted. This explains 
(at least partially) why calibration coefficients differed between tides and why the 
calibration coefficients of the instantaneous water velocity-cubed model using swash and 
inner surf zone data differed over the same tide. 
8.6 Modelling approach 
8.6.1 Measurement errors 
In section 8.5 (pg. 163), it was demonstrated that slight changes in bed elevation between 
instrument height adjustments affect the vertically-integrated suspended sediment 
transport rates and the water velocity at the EMCMs. Since the water velocity at the 
lowermost EMCM was used as the input into the instantaneous water velocity-cubed 
model, what affect does this have on the calibration coefficients of the model? 
A least-squares linear regression was carried out between the instantaneous verticaIly-
integrated immersed weight suspended sediment transport rate and the instantaneous 
water velocity-cubed for each data point during swashes, assuming that: (i) 1 cm of 
accretion (ii) no change in bed elevation and (iii) I cm of erosion occurred. This was 
achieved by assuming that all sensor elevations were I cm lower (higher) when 1 cm of 
accretion (erosion) took place, and adjusting the extent of the suspended sediment 
transport bins. The calibration coefficients in each of these circumstances are presented 
in Table 8.4. 
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Table 8.4: Variation in the calibration coefficients (k) and associated regression coefficients (If) 
of the instantaneous water velocity-cubed model during uprushes (subscript u) and backwashes 
(subscript b), assuming no change in bed elevation (LIz = + 0 cm), 1 cm of accretion 
(LIz = + 1 cm) and 1 cm of erosion (LIz = -1 cm) at Perranporth (Pal) and Sennen (S02). The 
subscript i indicates the use ojJnstantaneous water velocity data. 
Az-+l cm Az-+Ocm Az--lcm 
Tide k I R' I kb I R' (kg ~.3) (kg '~.3) k IR'I k, IR' (kg ~.3) (kg ~.3) k I R' I kb I R' (kg ';;;.3) (kg '~.3) 
POl' 2.25 0.65 1.42 0.86 2.94 0.68 2.35 0.88 3.60 0.68 3.27 0.89 
pol' 1.11 0.44 0.62 0.53 1.61 0.48 1.05 0.66 2.09 0.49 1.45 0.70 
POlo 0.93 0.47 0.33 0.34 1.33 0.51 0.48 0.37 1.73 0.53 0.62 0.37 
S02' 2.51 0.56 1.77 0.51 3.14 0.60 2.19 0.58 3.73 0.62 2.58 0.62 
S02b 2.39 0.59 0.83 0.42 2.99 0.64 1.10 0.44 3.57 0.65 1.38 0.44 
Since the swash zone did not erode, at least at time-scales greater than the rising and 
falling tides, particular attention is paid to the affects of bed accretion on the calibration 
coefficients. Accretion of I cm caused the calibration coefficients during uprushes and 
backwash to decrease by 20% - 31% and 19% - 41% respectively. The ratio of up rush to 
backwash calibration coefficients was kj,u I kj,b ~ 1.41 - 2,88 when the bed accreted by 
I cm compared to kt,u/ kj,b ~ 1.25 - 2,77 when the bed elevation remained constant. This 
is important because it shows that if the bed at the swash station accretes, then the uprush 
and backwash calibration coefficients decrease approximately proportionaIly, Therefore, 
slight accretion at the swash station between instrument height adjustments leads to a 
decrease in the gross vertically-integrated onshore and offshore suspended sediment 
transport, but the net suspended sediment transport is relatively unaffected. 
Energetics-based sediment transport models assume that the water velocity input is that 
in the free-stream (e,g" Bagnold, 1963; Bailard, 1981). However, it has been 
demonstrated that the water velocity at z = 3 cm was certainly not in the free-stream for 
the majority of uprushes and backwashes (section 6.3, pg. 103). Indeed, the boundary 
layer is likely to have extended to the water surface, So, how is the instantaneous water 
velocity-cubed model affected (and any other energetics-based model) when the water 
velocity used is not that in the free-stream? 
Data points where the water velocity was greater than h = 6 cm were isolated (i,e" the 
water depth was above both EMCMs), Using these data, the instantaneous water 
velocity-cubed model was calibrated using the water velocity at both z = 3 cm and 
z = 6 cm as the model inputs. A comparison between the calibration coefficients 
obtained are summarised in Table 8.5. 
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Table 8.5: The mean water velocity (u), calibration coefficients (k) and associated regression 
coefficients (R2) of instantaneous water velocity-cubed model using the instantaneous water 
velocity measured at 3 cm and 6 cm at Perranporth (POl) and Sennen (S02). The subscripts u, b 
and i denote uprushes, backwashes and the use of instantaneous water velocity data respectivelY.: 
u at3 cm u at6 cm 
Tide Uu k;,u R' ub ki,b R' UU ki,u R' ub k;,b R' 
(m s") (k£ m") (ms') (kg m") (ms') (kg m") (m si) (kg m") 
POl' 0.36 4.58 0.70 0.27 3.82 0.91 0.60 2.32 0.57 0.44 1.49 0.86 
pol" 0.33 2.58 0.60 0.19 1.79 0.49 0.65 1.59 0.52 0.42 1.11 0.62 
POl' 0.40 2.34 0.65 0.20 0.65 0.40 0.64 1.45 0.59 0.23 0.53 0.41 
S02" 0.42 5.38 0.55 0.36 3.82 0.52 0.88 2.92 0.65 0.81 1.94 0.60 
S02b 1.45 1.84 0.51 0.64 1.19 0.51 1.71 1.81 0.60 0.66 1.09 0.50 
The calibration coefficients during uprushes and backwashes were lower in all cases 
when the water velocity at z = 6 cm was used. This is due to the water velocity at 
z = 6 cm being greater than that at z = 3 cm. The uprush and backwash calibration 
coefficients were between 2% - 49% and 8% - 61 % respectively lower when the water 
velocity at z = 6 cm was used. Therefore, the depth at which the water velocity input is 
measured has a significant affect on the calibration coefficients of the instantaneous 
water velocity-cubed model. In section 6.3 (pg. 103), it was shown that water velocity 
profiles (at least between z = 3 cm and z = 6 cm) varied between tides. Therefore, the 
water velocity input into the model was not a consistent amount lower than that in the 
free-stream. This explains (at least partially) why the calibration coefficients of the 
instantaneous water velocity-cubed model varied between tides. 
However, the ratio of uprush to backwash calibration coefficients were similar when the 
water velocity at z = 3 cm (kj,u/ kj.b = 1.20 - 3.60) and z = 6 cm (kj,u/ kj,b = 1.43 - 2.73) 
were used. Therefore, the ratio of uprush to backwash calibration coefficients did not 
vary significantly with the depth at which water velocity measurements were made. The 
ratios of mean uprush to mean backwash water velocities were similar at z = 3 cm 
(Uu / ub = 1.16 - 2.27) and z = 6 cm ( Uu / ub = 1.08 - 2.78). This suggests the 
calibration coefficients vary to account for the water velocity measurements not being 
made in the free-stream, with little affect on the net sediment transport direction. 
The most significant finding of this analysis is that the measurement errors due to slight 
changes in bed elevation and the water velocity not being that in the free-stream affects 
the gross suspended sediment transport, but the impacts on the net suspended sediment 
transport and direction are relatively small. Therefore, model predictions of whether 
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erosion or accretion occurred may be reliable, but the magnitude is not. The greater 
impacts of these errors at Sennen, where changes in beach morphology were greater, 
explains why the performance of the instantaneous water velocity-cubed model was 
worse at this field site. 
8.6.2 Modelling using other powers o[water velocity 
An instantaneous water velocity-cubed model was used in this study. But how do other 
models using different powers of the water velocity fare in predicting the measured 
morphological change from beach surveying? 
The capabilities of the model Qi = kiut, where n = 2 - 4 was assessed using the 
appropriate calibration coefficients determined in section 7.2 (pg. 132). The gross 
onshore, offshore and net dry mass suspended sediment transport was calculated during 
each tide using these models as described in section 7.6 (pg. 150). The results of this 
analysis are presented in Table 8.6. 
Table 8.6: Comparison between the predicted change in sediment mass onshore of the swash 
station over entire tides (f1p) using an I(P); = k;.ut relationship, where n = 2 - 4, with that 
measured by surveying (Qdry) at Perranporth (POl) and Sennen (S02), The subscripts on, off, net 
and i ively. denote onshore, offShore, net and the use o[instantaneous water velocity data respect 
Units n por por POlo S02a S02" 
APon (kgm·l ) 2 1557 1347 290 52209 19576 
f1Pajf (kg m·l ) 2 -1014 -813 -164 -53682 -8400 
t1pnel (kgm·l ) 2 543 534 126 -1473 11176 
Apan (kg m·l ) 3 446 368 129 3473 5220 
f1Pajf (kg m·l ) 3 -372 -367 -119 -4732 -2649 
Apnet (kg m·l ) 3 74 1 10 -1259 2571 
APQn (kg m·l ) 4 246 171 77 991 3290 
f1Pajf (kgm·l ) 4 -259 -243 -127 -2306 -2079 
Apnel (kg m·l) 4 -13 -72 -50 -1315 1211 
Qdry (kg m·l ) - 78 30 30 200 1320 
Using an instantaneous water velocity-cubed relationship, during four tides (i.e., tides 
pal", Po]b, par and S02b) the model correctly predicted the measured sediment 
transport direction from surveying, but the magnitudes differed. At Perranporth, the 
model predictions were within 30 kg m'! tide'! of the change measured by surveying. 
Model predictions were worse at Sennen, with the net sediment transport direction not 
even consistent with measurements of the change in morphology. This was caused by 
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measurement errors being greater and OSS saturation occurring more commonly at 
Sennen. A water velocity-squared relationship also gave the net sediment transport 
direction during four tides (i.e., tides pal", PO]b, par and S02b), but the magnitude of 
net sediment transport was over-predicted by around an order of magnitude. Using a 
water velocity to the power four approach, the net predicted sediment transport was to 
within 100 kg m'! tide'! of that measured by surveying during four tides (i.e., tides pal", 
PO]b, par and S02b). Differences between the net predicted dry mass sediment transport 
using instantaneous water velocity-cubed and water velocity to the power four models 
were small at Perranporth (i.e., less than 90 kg m'! tide'!). However, the water velocity 
to the power four model predicted offshore sediment transport when onshore sediment 
transport was measured. This highlights that small differences in gross sediment 
transport can have a large impact on net sediment transport and even the sediment 
transport direction. On balance, a water velocity-cubed approach gives the closest 
predictions to the measured morphological change. 
8.6.3 Appropriateness of modelling approach 
In this study, instantaneous cross-shore sediment transport models were developed for 
application in the swash zone. A model of the form I(p), =k,u,' was chosen, because 
models using this relationship have been applied in previous swash zone investigations 
(e.g., Hardisty et al., 1984; Hughes et al., 1997; Masselink & Hughes, 1998). This is 
equivalent to the suspended sediment concentration being proportional to the water 
velocity-squared, or approximately the bed shear stress (e.g., Bagnold, 1963). So is this 
an appropriate relationship for modelling swash zone sediment transport? 
The only model to date, which has been found to work reasonably well in the swash 
zone, is the water velocity-cubed model of Bagnold (1963). No other model has been 
shown to perform better in the swash zone (e.g., Butt & Russell, 2000; Elfrink & 
Baldock, 2002). Bailard (1981) modified Bagnold's (1963) model to enable its 
application to oscillatory flows. The general form of his equation is Q, = ku,", where 
n = 3 for bedload sediment transport (and sheet flow) and n = 4 for suspended sediment 
transport. A water velocity-cubed model is essentially a bedload sediment transport 
model adapted to allow the use of instantaneous water velocities to predict instantaneous 
vertically-integrated suspended sediment transport rates. It is accepted that when 
modelling suspended sediment transport that a water velocity to the power four 
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relationship may ultimately prove to be more theoretically sound, but this has not been 
demonstrated to date. However, the performance of the instantaneous water velocity to 
the power four model when predicting changes in beach morphology was worse than 
when the instantaneous water velocity-cubed approach was used. In the absence of 
theoretical guidelines in the swash zone, the use of an instantaneous water velocity-cubed 
model is reasonable. 
The dominant mode of sediment transport in the swash zone has not been established. 
Hydrodynamic and sediment transport stations measure suspended sediment transport 
rates. They cannot measure bedload transport rates. However, water velocity-cubed 
models are normally used to predict bedload or total load sediment transport rates. 
Suspended sediment concentration data in this study were linearly extrapolated to the bed 
when sediment transport rates were determined. The suspended sediment transport rates 
in this study thus included an estimation of the sediment transported below z = I cm, thus 
effectively giving total load sediment transport rates. In this case, the use of water 
velocity-cubed models is theoretically sound (e.g., Masselink & Hughes, 1998). 
However, it is accepted that sediment transport rate estimations below z = I cm above the 
bed may contain significant errors. However, with no knowledge of variation in water 
velocity and suspended sediment profiles in this region, these errors could not be 
overcome. The relationship between time-averaged bedload and suspended load 
sediment transport could be established using concurrent streamer trap and 
hydrodynamic and sediment transport station data. However, no method currently exists 
to quantify this relationship using instantaneous measurements. 
8.7 Suggested further work 
This study has identified a number of gaps that remain in our understanding of swash 
zone hydrodynamics and sediment transport. The key areas identified are that we require 
an improved understanding of the vertical variation in water velocity and processes such 
as bore-generated turbulence. These could be used to improve our knowledge of the: (i) 
shape of the boundary layers, (ii) variations in bed shear stresses, (iii) elevation of the 
free-stream and (iv) variations in turbulence during uprushes and backwashes. If these 
data were collected, they could also be used to give an improved estimation of vertically-
integrated suspended sediment transport rates, as well as improving our modelling 
capabilities. Although net infiltration is not an important contributor to sediment 
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transport at Perranporth and Sennen (section 4.4, pg. 68), it undoubtedly has greater 
impacts on coarser grained beaches, which warrants further investigation. 
EMCMs made the most reliable measurements in the present study, which justifies their 
use in future research. A vertical array of six EMCMs can be developed. These sensors 
can be logged at up to 16 Hz. They could be arranged pointing vertically downwards 
from a horizontal pole at an along-shore spacing of around Lly = 1.5 - 2 cm on the swash 
station. It is suggested that the spacing between sensors should be logarithmic, for 
example at z = 3 cm, 4 cm,S cm, 7 cm, 10 cm and 15 cm above the bed. EMCMs cannot 
be mounted closer to the bed that around z = 3 cm, due to interference with the sensing 
volume. Therefore, the water velocity below this elevation in the fi eld swash zone may 
remain an area of considerable debate in the future. 
Direct measurements of the bed shear stresses would also be highly instructive. These 
data could be collected using hot film shear stress sensors in the field (e.g., Conley & 
Griffin, in press). These data would improve swash zone sediment transport modelling, 
by eliminating the bed shear stress approximation in energetics-based models. It has 
been demonstrated that slight changes in bed elevation between instrument height 
adjustments can significantly affect vertically-integrated suspended sediment transport 
rates. High frequency measurements of the bed elevation at the swash station would 
reduce these measurement errors, by allowing sensor elevations to be established. This 
could be achieved between swashes using a high frequency ultrasonic surveyor's 
distance measurement gauge. It is suggested that measurements of the water depth and 
suspended sediment concentrations should be made concurrently using the same 
instrument configuration used in this study (but with preferably more OBS). 
8.8 Summary 
In this chapter, the questions originally posed in Chapter 2 (pg. 5) regarding 
hydrodynamics and sediment transport in the swash zone were discussed. In addition to 
this, an assessment of measurement errors was made to demonstrate the appropriateness 
of the instantaneous water velocity-cubed model when the bed elevation at 
hydrodynamic and sediment transport stations varies. The main findings of this 
discussion are: 
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Beach characteristics: Hydrodynamics and sediment transport on steep and gently-
sloping beaches are qualitatively and quantitatively different. The greater morphological 
adjustments measured at Sennen can be explained in terms of the higher rate of energy 
dissipation on steep beaches. This affects sediment transport modelling via the 
calibration coefficients. 
Suspended sediment concentration profiles: Suspended sediment concentrations in the 
swash zone increase towards the bed. Nielsen's (1979) sediment diffusion model, 
C(z) = Coe-zll, can be used to describe these suspended sediment concentration 
profiles. Bed reference concentrations are higher and mixing lengths are lower in the 
swash zone (Co ~ 140 kg m-3, s.d. 106 kg m·3; Is ~ 3.2 cm, s.d. 1.2 cm) than in the inner 
surf zone (Co ~ 0.5 kg m·3, s.d. 0.1 kg m-3; ls ~ 8.3 cm, s.d. 2.4 cm). The greater mixing 
lengths in the inner surf zone may be due to relatively higher turbulence levels, whilst the 
lower bed reference concentrations in the inner surf zone are caused by the lower 
suspended sediment concentrations present. These cause the increase in suspended 
sediment concentration towards the bed to be around two orders of magnitude more rapid 
in the swash zone. Mean mixing lengths during uprushes (Perranporth: Is ~ 3.4 cm, s.d. 
0.3 cm; Sennen: 4.9 cm, s.d. 1.6 cm) are larger than during backwashes (Perranporth: 
Is ~ 2.4 cm, s.d. 0.4 cm; Sennen: 2.6 cm, s.d. 1.2 cm). During uprushes, mixing lengths 
are greater at Sennen, whereas during backwashes they are not. This may be caused by 
bore-generated turbulence during uprushes (and relatively higher bore-generated 
turbulence at Sennen) increasing the eddy viscosity of the water column. 
Bed shear stress: Using variations in water velocity with depth in the swash zone, the 
mean bed shear stress is greater during uprushes (Perranporth: Tb = 13.8 N m·2, 
s.d. 5.7 N m·2; Sennen: Tb = 18.2 N m·2, s.d. 9.4 N m·2) than backwashes (Perranporth: 
Tb = 5.2 N m·2, s.d. 1.6 N m·2; Sennen: Tb = 12.9 N m-2, s.d. 11.3 N m·2). This leads to 
higher sediment transport rates during uprushes, compared to backwashes, thus 
promoting onshore sediment transport in the swash zone. Furthermore, bed shear 
stresses during both uprushes and backwashes are greater at Sennen than at Perranporth, 
due to the higher flow velocities. Despite uprushes and backwashes being around three 
times shorter at Sennen (Du = 3.8 s, s.d. 0.7 s; Db ~ 1.7 s, s.d. 6.4 s) than at Perranporth 
(Du = 8.6 s, s.d. 3.2 s; Db ~ 16.3 s, s.d. 6.4 s), the higher bed shear stresses at Sennen lead 
to greater gross dry mass suspended sediment transport during individual uprushes and 
backwashes at Sennen (Qon ~ 42 kg m· l , s.d. 11 kg m· l ; QOJf= 25 kg m· l , s.d. 13 kg m· l ) 
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compared to Perranporth (Qon = 26 kg m-I, s_d_ 7 kg m-I; Qoff= 21 kg m-I, s_d_ 11 kg m-I)_ 
Since incident frequency water oscillations dominated Sennen (T = 10 - 13 s), whereas 
water motions at Perranporth were at infragravity frequencies (T = 30 - 80 s), a greater 
number of swashes occurred at Sennen over individual tides_ As a result, the mean 
change in morphology over tides was greater at Sennen (& = 2 cm, s_d_ 1.2 cm) than at 
Perranporth (& = 1 cm, s_d_ 0_6 cm)_ 
Instantaneous water velocity-cubed model: An instantaneous water velocity-cubed model 
can be used to predict suspended sediment transport in the swash zone_ It represents an 
adaptation of Bagnold's (1963) time-averaged model, to one capable of predicting 
instantaneous vertically-integrated immersed weight suspended sediment transport rates_ 
The greater mean bed shear stress during uprushes at both field sites and at Sennen 
compared to Perranporth, lead to the calibration coefficients of the instantaneous water 
velocity-cubed model being greater during uprushes than backwashes, and relatively 
greater at Sennen (kj,u= 3_07 kg mol, s,d_ 0,07 kg mol; kj,b= 1.65 kg mol, s,d, 0_55 kg mol) 
compared to Perranporth (kj,u= 1.96 kg mol, s_d_ 0_70 kg mol; kj,b= 1.29 kg mol, 
s,d_ 0,78 kg mol), At Perranporth, this model predicted net onshore dry mass sediment 
transport in the swash zone to within 30 kg m-I tide-I of that measured by beach 
surveying, At Sennen, net sediment transport predictions were worse, with even the 
direction of net sediment transport being poorly predicted, Sediment transport measured 
at the swash station was offshore, whilst predictions were for onshore transport_ This 
was caused by (i) small errors in gross transport leading to large errors in net transport, 
(ii) greater measurement errors at Sennen, (iii) non-inclusion of important processes, 
such as bore-generated turbulence, which may have a greater impact on steep beaches_ 
Measurement errors: Two important measurement errors using hydrodynamic and 
sediment transport station data were identified: (i) slight changes in bed elevation 
between instrument height adjustments and (ii) the water velocity input for modelling 
purposes is not that in the free-stream_ The impact of these, in terms of modelling 
sediment transport using an instantaneous water velocity-cubed approach, is to affect the 
magnitude of gross sediment transport and the calibration coefficients of the modeL 
However, since changes in uprush and backwash calibration coefficients were 
proportional, the net sediment transport direction was not significantly affected, 
Measurement errors were greater at Sennen, because suspended sediment concentrations 
were beyond the measurement limit of the OES and changes in bed elevation were 
greater. This explains the relatively poor performance of the model at Sennen, 
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CHAPTER 9: CONCLUSIONS 
An improved understanding of flow hydrodynamics and sediment transport in the swash 
zone is required to enhance the predictive capabilities of general nearshore sediment 
transport models (e.g., Huntley et al., 1993). At present, the swash zone is generally 
omitted or drastically over-simplified in these models (e.g., Hamm et al., 1993), despite 
the disproportionately high sediment transport rates measured in this region 
(e.g., Puleo et al., 2000). A comprehensive literature review of the swash zone revealed 
a number of important questions that remain unanswered. These issues were tackled and, 
at least to some extent, resolved. 
Field studies were carried out at Perranporth, which is a gently-sloping beach 
(tan ~ = 0.03, s.d. 0.0 I; d50 = 0.27 mm) and at Sennen, which has a steeper foreshore and 
a larger median grain diameter (tan ~ = 0.09, s.d. 0.01; d50 = 0.55 mm). As part of this 
Natural Environmental Research Council project, state-of-the-art high frequency 
hydrodynamic and suspended sediment concentration measurements were made in the 
swash, transition and inner surf zones. The sensors used included three pressure 
transducers, two electromagnetic current meters and a vertical array of nine miniature 
optical backscatter sensors. These gave instantaneous measurements (8 Hz) including 
water depths, water velocities and suspended sediment concentrations. These data were 
complimented by other measurements, including offshore and nearshore wave 
conditions, tidal elevations, wave run-up limits, groundwater variations, beach slopes, 
cross-shore grain size distributions and morphological adjustments at time-scales from 
minutes to weeks. Collectively, these data were used to investigate hydrodynamics and 
sediment transport in the swash zone. 
Swash zone hydrodynamics and sediment transport on steep and gently-sloping beaches 
differ both qualitatively and quantitatively. The swash zone at Perranporth 
(Swidth = 24.8 m, s.d. 6.8 m) was three times wider than at Sennen (Swidth = 8.9 m, 
s.d 3.2 m). As a result, the duration of swashes was also longer at Perranporth 
(D = 24.9 s, s.d. 9.2 s) than at Sennen (D = 8.5 s, s.d. 2.1 s). Due to the greater 
energy dissipation in the nearshore on gently-sloping beaches, the magnitude of the 
maximum cross-shore flow velocities in the swash zone at Perranporth (uu = 1.50 m S·l, 
s.d. 0.41 m S·l; u b = 1.25 m S·l, s.d. 0.53 m S·l) were lower than at Sennen 
(uu = 2.17 m S·l, s.d. 0.61 m S·l; Ub = 2.40 m S·l, s.d. 0.63 m S·l) during both uprushes and 
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backwashes. The higher cross-shore flow velocities and shorter event durations at 
Sennen, lead to a greater rate of energy dissipation in the swash zone of this beach. 
The energy dissipated was primarily used to suspend and transport sediment. The greater 
rate of energy dissipation at Sennen resulted in higher peak suspended sediment 
concentrations (Cu = 198 kg mol, s.d. 42 kg mol; Cb = 85 kg mol, s.d. 56 kg mol) compared 
to those at Perranporth (Cu = 124 kg mol, s.d. 62 kg mol; Cb= 60 kg mol, s.d. 38 kg mol). 
The higher suspended sediment concentrations, flow velocities and water depths at 
Sennen, caused the magnitude of the mean vertically-integrated dry mass 
suspended sediment transport rates (Q) to be three times greater at Sennen 
(Qon= 11.0 kg m-I S-I, s.d. 2.7 kg m-I S-I; Q off = 4.4 kg m-I S-I, s.d. 1.5 kg m-I S-I) 
compared to Perranporth (Q on = 3.0 kg m-I S-I, s.d. 0.6 kg m-I S-I; Qoff= 1.3 kg m-I S-I, 
s.d. 0.6 kg m·1 S-I). Furthermore, vertically-integrated suspended sediment transport rates 
during uprushes were around two to three times greater than those during backwashes. 
Despite the shorter duration of uprushes and backwashes at Sennen, the total magnitude 
of the vertically-integrated onshore and offshore dry mass suspended sediment transport 
during individual uprushes and backwashes was greater at Sennen (Qon = 42 kg m-I, 
s.d. 11 kg m-I; QOff= 25 kg m-I, s.d. 13 kg m-I) than at Perranporth (Qon = 26 kg m-I, 
s.d. 7 kg m-I; Qoff= 21 kg m-I, s.d. 11 kg m-I). 
Swash zone water motions at Perranporth were at infragravity frequencies (T= 30 - 80 s), 
whereas at Sennen incident frequency water motions dominated (T= 10 - 13 s). 
Therefore, a greater number of swashes occurred during individual tides at Sennen. A 
combination of the greater onshore than offshore vertically-integrated suspended 
sediment transport rates, the longer duration of backwashes relative to uprushes at 
Perranporth (Du = 8.6 s, s.d. 3.2 s; Db = 16.3 s, s.d. 6.4 s) and Sennen (Du = 3.8 s, 
s.d. 0.7 s; Db = 4.8 s, s.d. 1.7 s), the narrower swash zone width at Sennen and the greater 
number of swashes per tide at Sennen, ultimately caused the mean and maximum 
morphological adjustments during tides to be greater at Sennen (& = 2 cm, s.d. 1.2 cm; 
maximum: Az = 17 cm) than at Perranporth (Az = 1 cm, s.d. 0.5 cm; maximum: 
& = 8 cm). 
The decrease in water velocity towards the bed differs during uprushes and backwashes. 
Using the water velocity at two elevations (z = 3 cm and z = 6 cm) and the law of the 
wall equation, instantaneous shear velocities were determined. The application of the 
178 
law of the wall equation assumes that both water velocity measurements were made in 
the boundary layer and that von Karman's constant is insensitive to the suspended 
sediment present. The mean shear velocity during all upmshes (u* = 0.08 m S·l, 
s.d. 0.03 m S·l) was twice that during all backwashes (u* = 0.04 ms-I, s.d. 0.01 ms-I). 
The instantaneous shear velocity was used to estimate instantaneous bed shear stresses. 
Mean bed shear stresses during upmshes were greater than during backwashes at both 
Sennen (Tb (u) = 18.2 N m-2, s.d. 9.4 N m-2; Tb (b) = 12.9 N m-2, s.d. 11.3 N m-2) and 
Perranporth (Tb (u) = 13.8 N m-2, s.d. 5.5 N m-2; Tb (b) = 5.2 N m-2, s.d. 1.6 N m-2). This 
explains why upmshes are relatively more efficient at suspending and transporting 
sediment. The greater bed shear stresses during upmshes promote onshore sediment 
transport in the swash zone, causing the higher vertically-integrated suspended sediment 
transport rates measured during uprushes compared to backwashes on both beaches. The 
greater bed shear stresses, and thus the greater efficiency of upmshes, explains why the 
net sediment transport direction was onshore, leading to the swash zone accretion 
measured during beach surveying. 
The sediment plume entrained into the water column increases in concentration towards 
the bed in the swash zone. Nielsen's (1979) sediment diffusion model, C(z) = C,e-,If, 
can be used to describe these suspended sediment concentration profiles, where Co is the 
bed reference concentration, Is is the mixing length and z is the elevation above the bed. 
The cycle-mean increase in suspended sediment concentration towards the bed is around 
two orders of magnitude more rapid in the swash zone compared to the results of 
previous studies in the surf zone. This is primarily caused by cycle-mean bed reference 
concentrations in the swash zone (Co = 140 kg mol, s.d. 106 kg mol) being around two 
orders of magnitude higher than in the surf zone (Co = 0.5 kg m-l, s.d. 0.1 kg m-\ The 
cycle-mean mixing lengths decrease moving between the surf (Is = 8.3 cm, s.d. 2.4 cm) 
and swash zone (Is = 3.2 cm, s.d. 1.2 cm). The relatively higher turbulence levels may 
lead to the greater mixing lengths in the inner surf zone. 
Bed reference concentrations in the swash zone were higher during upmshes than 
backwashes, and they were relatively greater at Sennen (Co (u) = 249 kg mol, 
s.d. 97 kg mol; Co (b) = 219 kg mol, s.d. 122 kg mol) than at Perranporth (Co (u) = 89 kg mol, 
s.d. 27 kg mol; Co (b) = 65 kg m-l, s.d. 26 kg m·l). Mixing lengths were also larger during 
uprushes, and relatively higher at Sennen (Is (u) = 4.9 cm, s.d. 1.6 cm; Is (b) = 2.6 cm, 
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s.d. 0.2 cm) than at Perranporth (Is (u) = 3.4 cm, s.d. 0.3 cm; Is (b) = 2.4 cm, s.d. 0.4 cm). 
Bore-generated turbulence increases the eddy viscosity of water, which causes mixing 
between successive layers to increase. The greater mixing lengths during uprnshes at 
Sennen, and the larger mixing lengths during uprnshes compared to backwashes on both 
beaches are consistent with mixing lengths increasing due to bore-generated turbulence. 
The larger mixing lengths during uprushes at Sennen compared to uprushes at 
Perranporth suggest that bore-generated turbulence may increase with rising beach slope. 
Bagnold's (1963) time-averaged sediment transport model can be adapted to allow the 
prediction of instantaneous vertically-integrated immersed weight suspended sediment 
transport rates (I(P)i in N m'l S'I) in the swash zone. The empirical models investigated 
were of the formI(p);= k;u;", where k is the calibration coefficient, n varies between one 
and six and the subscript i denotes instantaneous measurements. The highest regression 
coefficients (R2 = 0.34 - 0.90) were obtained using powers of the water velocity between 
two and four. Water velocity-cubed models have been used to model sediment transport 
in the swash zone by previous investigators (e.g., Hardisty et al., 1984; Hughes et al., 
1997; Masselink & Hughes, 1998), so this approach was pursued. The instantaneous 
immersed weight suspended sediment transport model used was therefore of the form 
I(P)i = kiu/. 
The calibration coefficients of the instantaneous water velocity-cubed model did not vary 
significantly during uprushes and backwashes at times of high sediment transport or 
during individual tides. The mean calibration coefficients of the instantaneous water 
velocity-cubed model were almost twice as high during uprushes compared to 
backwashes at both Perranporth (ki.u= 1.96 kg m'3, s.d. 0.70 kg m,3; ki.b= 1.29 kg m'3, s.d. 
0.78 kg m'3) and Sennen (k i.u = 3.07 kg m,3, s.d. 1.65 kg m,3; k i.b= l.65 kg m,3, s.d. 
0.55 kg m,3). The instantaneous water velocity-cubed model uses a water velocity-
squared term to approximate the bed shear stress. The higher calibration coefficients 
during uprnshes on both beaches are at least partially caused by the greater bed shear 
stresses during this part ofthe swash cycle. However, bed shear stresses are not directly 
incorporated into the model. Furthermore, bed shear stresses are greater at Sennen than 
at Perranporth during both uprushes and backwashes. This explains why the calibration 
coefficients were higher at Sennen than Perranporth, and relatively greater during 
uprushes. 
180 
The instantaneous water velocity-cubed model predicted net onshore dry mass sediment 
transport in the swash zone to within 30 kg m-I tide-I of that measured by beach 
surveying at Perranporth. However, net sediment transport predictions were worse, with 
even the direction of net sediment transport being poorly predicted at Sennen. This was 
caused by factors including (i) changes in bed elevation at the swash station and 
saturation of the OBS at the start of up rushes being more significant at Sennen, (ii) the 
non-inclusion in the model of processes such as bore-generated turbulence may also have 
reduced the predictive capabilities of this model, particularly at Sennen. Furthermore, 
the measured sediment transport at the swash station was generally offshore, whilst 
predictions were for onshore sediment transport. This was caused by small errors in the 
large gross sediment transport leading to large errors in the small net sediment transport. 
This is an inherent difficulty when modelling net cross-shore sediment transport in the 
swash zone. As it stands, the instantaneous water velocity-cubed model cannot be 
applied generally to beaches, because the calibration coefficients vary between tides. 
Further field measurements and technological developments are required to improve 
sediment transport modelling in the swash zone. It is suggested that future swash zone 
studies should include direct measurements of bore-generated turbulence and bed shear 
stresses. The data collected could be incorporated into the instantaneous water velocity-
cubed model, which could lead to improved predictions. Furthermore, high-resolution 
high frequency field measurements of the variation in water velocity with depth and the 
bed elevation at the swash station are required to improve vertically-integrated suspended 
sediment transport rate estimations. The quantification of the relationship between 
bedload and suspended load sediment transport in the swash. zone would also be 
instructive. This could be achieved using concurrent hydrodynamic and sediment 
transport station data and streamer trap measurements for time-averaged sediment 
transport. To demonstrate the capabilities and limitations of this model conclusively, 
further data from a greater number of tides on a wider range of beaches is also required. 
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APPENDIX 1 
Table AI-I: Tide numbers, predicted tidal heights relative to chart datum (ht) and the times of 
low and hiJ!h water at Perranporth (Admiraltv tide tables, 2001). 
High water Low water 
Date Tide am hi Tide pm ht am hi pm hi 
(m) (m) (m) (m) 
22110101 I 0922 6.2 2 2144 5.8 0324 1.7 1548 1.9 
23110101 3 1008 5.7 4 2253 5.3 0403 2.2 1637 2.4 
24110101 5 1110 5.3 6 2349 4.9 0457 2.7 1750 2.8 
25110101 
- nJa nJa 7 1240 5.1 0629 3.0 1938 2.8 
26110/01 8 0134 4.9 9 1415 5.3 0815 2.9 2054 2.5 
27110/01 10 0256 5.2 11 1516 5.7 0919 2.5 2146 2.1 
28110/01 12 0244 5.7 13 1459 6.1 0904 2.1 2125 1.7 
29110/01 14 0321 6.1 15 1536 6.4 0941 1.7 2159 1.3 
30110101 16 0354 6.3 17 1609 6.6 1013 1.3 2230 1.0 
31110101 18 0425 6.6 19 1640 6.8 1045 1.0 2301 0.8 
01111101 20 0456 6.8 21 1711 7.0 1116 0.9 2333 0.8 
02111101 22 0527 6.9 23 1743 7.0 1148 0.8 nJa nJa 
03111/01 24 0559 6.9 25 1818 6.9 0005 0.8 1223 0.9 
04111101 26 0634 6.8 27 1856 6.7 0040 0.9 1259 1.0 
05111/01 28 0711 6.6 29 1936 6.5 0117 1.1 1338 1.3 
I 
Table A1-2: Tide numbers, predicted tidal heights relative to chart datum (ht) and the times DJ 
low and hif!h water at Sennen (Newauav) (Admiralty tide tables, 2001). 
High water Low water 
Date Tide am hI Tide pm hI am ht pm hI 
(m) (m) (m) (m) 
07105102 1 1056 5.2 2 2342 5.2 0846 2.0 2109 2.0 
08105102 
- • • 3 1231 5.0 0932 1.7 2151 1.7 
09/05102 4 0118 5.3 5 1359 5.3 1010 1.3 2227 1.3 
10105102 6 0226 5.7 7 1455 5.7 1044 1.0 2300 1.0 
11105102 8 0314 6.1 9 1537 6.0 1115 0.9 2332 0.9 
12105102 10 0353 6.3 11 1613 6.2 1148 0.8 • * 
13105102 12 0427 6.5 13 1644 6.4 0005 0.8 1220 0.7 
14105102 14 0458 6.7 15 1713 6.5 0037 0.8 1254 0.8 
15105102 16 0527 6.8 17 1742 6.6 0114 0.8 1329 0.9 
16105102 18 0558 6.8 19 1811 6.6 0151 1.0 1404 1.1 
17105102 20 0627 6.7 21 1839 6.5 0232 1.2 1449 1.5 
18105102 22 0658 6.5 23 1908 6.3 0319 1.6 1539 1.8 
19105102 24 0732 6.3 25 1940 6.2 0419 1.8 1648 2.0 
20105102 26 0801 6.1 27 2016 5.9 0536 1.9 1811 2.0 
21105102 28 0844 5.7 29 2104 5.5 0700 1.8 1928 1.8 
22105102 30 0941 5.3 31 2215 5.2 0810 1.5 2034 1.3 
II 
APPENDIX 2 
Table A2-J: Summary of offshore and nearshore conditions showing: beach slope (tan (J). 
significant nearshore wave height (HI/3) and period (TI/3). the significant offshore wave height 
(H,) and period (T,). the width of the swash zone (SWid,,.) and the surfscalingparameter (SSP) at 
P h erranport . 
Tide tan (J HI/3 TJ/3 Hoo Too Swialh SSP 
(m) (s) (m) (s) (m) (-) 
1 0.037 • * 1.4 8 • • 
2 0.021 • • 2.3 8 • • 
3 0.020 • * 3.3 7 • • 
4 0.019 • • • • • • 
5 0.021 0.37 • 4.1 11 • * 
6 0.023 0.57 • 4.2 10 • * 
7 0.021 0.34 * * • * * 
8 0.028 0.73 • 4.6 11 • • 
9 0.027 0.82 • 3.4 10 • • 
10 0.021 0.88 11.9 3.2 6 22.0 107 
JI 0.018 0.81 10.3 * • 32.5 155 
12 0.021 0.67 9.4 1.4 10 21.3 104 
13 0.016 0.53 9.8 1.1 11 31.4 135 
14 0.028 0.48 8.7 0.9 10 22.4 45 
15 0.023 0.45 7.5 1.3 8 12.9 73 
16 0.028 0.94 10.8 1.7 8 5.7 71 
17 0.030 1.17 10.3 2.9 8 28.5 81 
18 0.047 1.2 10.8 3.1 9 24.1 32 
19 0.047 1.23 10.8 2.3 9 28.8 33 
20 0.047 1.06 10.3 1.5 9 26.9 30 
21 0.049 0.72 9.4 1.4 9 27.2 20 
22 0.047 1.09 9.4 1.9 9 27.1 34 
23 0.048 1.06 10.8 1.4 9 23.7 27 
24 0.048 1.17 11.9 2.3 10 24.7 27 
25 0.035 1.17 11.9 • * 26.1 51 
26 0.035 1.14 13.3 2.3 11 31.5 45 
27 0.034 1.11 12.6 2.2 12 33.6 49 
28 0.028 1.07 12.6 2.4 11 21.7 69 
29 0.028 0.99 11.3 2.4 8 20.2 72 
mean 0.031 0.87 10.7 2.4 9.2 24.8 63 
s.d. 0.011 0.29 1.4 I 1.5 6.8 38 
III 
Table A2-2: Summary ofnearshore conditions showing: beach slope (tan (J), significant 
nearshore wave height (HJ/3) and period (TJ/3), the width of the swash zone (Swidt,,) and the surf 
scalin[< parameter (SSP) at Sennen. 
Tide tan f3 HJ/3 ~:; Sl::jh SSP (m) (-) 
1 • • • • • 
2 • • • • • 
3 • • • • • 
4 • • • • • 
5 • • • • • 
6 • • • • • 
7 • • • • • 
8 0.079 0.66 9.4 7.52 7 
9 0.077 0.68 5.9 8.63 12 
10 0.084 0.45 8.7 3.36 5 
11 0.077 0.28 10.2 4.78 3 
12 0.098 0.64 8.7 3.73 5 
13 0.086 0.98 10.2 5.76 8 
14 0.107 0.96 10.2 6.9 5 
15 0.11 0.93 10.2 11.4 5 
16 0.098 0.79 7.5 10.92 7 
17 0.087 0.64 9.4 9.4 6 
18 0.105 0.55 8 11.28 4 
19 0.098 0.64 9.4 7.33 5 
20 0.085 0.66 10.2 6.78 6 
21 0.078 0.74 10.2 7.86 8 
22 0.098 0.69 11.3 12.07 4 
23 0.077 0.72 11.3 12.01 7 
24 0.086 0.59 10.2 16.82 5 
25 0.105 0.77 16.1 12.56 3 
26 0.079 0.77 14.1 10.37 6 
27 0.077 0.94 16.1 8.94 6 
28 0.077 0.69 14.1 6.33 5 
29 0.098 0.99 12.5 9.66 5 
30 0.098 1.31 12.5 9.5 7 
31 0.079 0.66 9.4 7.52 7 
mean 0.090 0.74 10.7 8.87 6 
s.d. 0.011 0.21 2.6 3.16 2 
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Figure A3-J: Raw swash zone time series at Perranporth during tide POJb showing the variation 
in (a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-shore water 
velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) J cm, (e) 3 cm and 
(f) 5 cm above the bed. 
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Figure A3-2: Raw swash zone time series at Perranporth during tide POle showing the variation 
in (a) water depth (b), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-shore water 
velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) I cm, (e) 3 cm and 
(f) 5 cm above the bed. 
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Figure A3-3: Raw swash zone time series at Sennen during tide S02a showing the variation in 
(a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-shore water 
velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) 1 cm, (e) 3 cm and 
(f) 5 cm above the bed. 
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Figure A3-4: Pre-processed swash zone time series at Perranporth during tide P01b showing the 
variation in (a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-
shore water velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) 1 cm, 
(e) 3 cm and (f) 5 cm above the bed. 
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Figure A3-5: Pre-processed swash zone time series at Perranporth during tide POlo showing the 
variation in (a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-
shore water velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) 1 cm, 
(e) 3 cm and (f) 5 cm above the bed. 
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Figure A3-6: Pre-processed swash zone time series at Sennen during tide SO:!' showing the 
variation in (a) water depth (h), (b) cross-shore water velocity at 3 cm and 6 cm (u), (c) along-
shore water velocity at 3 cm and 6 cm (v) and suspended sediment concentration at (d) 1 cm, 
(e) 3 cm and (f) 5 cm above the bed, 
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Figure A3-7: Pre-processed inner surf time series around high tide at Perranporth during tide 
PO]b showing the variation in (a) water depth (b), (b) cross-shore water velocity at 3 cm and 
6 cm (u), (c) along-shore water velocity at 3 cm and 6 cm (v) and suspended sediment 
concentration at (d) 1 cm, (e) 3 cm and (f) 5 cm above the bed. 
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Figure A3-8: Pre-processed inner surf time series around high tide at Perranporth during tide 
POle showing the variation in (a) water depth (h), (b) cross-shore water velOCity at 3 cm and 
6 cm (u), (c) along-shore water velocity at 3 cm and 6 cm (v) and suspended sediment 
concentration at (d) 1 cm, (e) 3 cm and (f) 5 cm above the bed. 
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Figure A3-12: (i) Power spectral density of u ((m S·I/ Hz· I), (ii) power spectral density of 
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APPENDIX 4 
Table A4-1: Summary of hydrodynamics and suspended sediment concentrations during uprushes 
(subscript u) and backwashes (subscript b) at Perranporth during tide por showing: duration 
(D), cross-shore water velocity (u), water depth (h) and suspended sediment concentration (C) 
durinf! uprushes (subscript u) and hackwashes (subscript hi. The caret svmbol denotes peak. 
Event D, fs~ u, Ub h, hb C, Cb (s) (rn S·l) (rn s") (m) (m) (kg rn·3) (kg rn·3) 
1 11.25 14.75 1.06 -0.64 0.10 0.08 98 30 
2 11.00 22.63 1.58 -0.65 0.09 0.09 172 30 
3 13.\3 28.50 1.66 -1.56 0.22 0.19 195 99 
4 12.13 24.63 1.96 ·1.37 0.18 0.15 194 85 
5 14.75 28.50 1.55 -1.64 0.21 0.18 233 92 
6 12.63 17.00 1.58 -1.02 0.12 0.10 154 40 
7 10.25 25.63 0.95 -1.19 0.16 0.14 175 77 
8 15.88 25.88 1.99 -1.35 0.18 0.17 168 95 
9 9.13 17.13 1.94 -0.61 O.o? 0.06 134 22 
10 13.75 21.38 1.30 -0.89 0.18 0.14 186 72 
Jl 10.88 24.13 0.85 -1.73 0.10 0.08 87 51 
12 8.63 12.25 1.13 -0.72 0.06 0.06 116 31 
J3 8.13 18.50 1.54 -1.07 0.07 0.06 141 74 
14 15.38 35.50 1.75 -2.83 0.21 0.16 212 107 
15 5.63 22.00 1.00 -0.63 0.05 0.06 78 74 
16 5.63 11.63 0.98 -0.52 0.04 0.04 70 8 
17 18.75 35.00 2.33 -1.58 0.34 0.36 231 100 
18 10.38 24.38 1.11 -1.45 0.13 0.22 224 74 
19 14.00 25.88 2.28 -1048 0.25 0.17 209 100 
20 13.88 23.25 1.92 -1.31 0.16 0.13 170 56 
21 12.25 19.75 1.74 -1.23 0.17 0.14 186 76 
22 A.50 11.00 0042 -0.73 0.08 0.06 35 40 
23 14.88 33.38 1.88 -1.78 0.21 0.24 243 140 
24 9.75 22.38 1.54 -1.68 0.15 0.14 231 56 
25 11.63 16.75 1.85 -1.23 0.17 0.10 110 66 
26 8.13 11.38 1.36 -0.65 0.08 0.05 57 5 
27 15.25 28.38 1.88 -1.36 0.20 0.15 209 93 
28 15.25 28.75 1.81 -1.50 0.21 0.16 207 114 
29 10.13 16.88 1.65 -0.91 0.11 0.08 150 31 
30 9.75 12.63 1040 -0.70 0.09 0.08 133 52 
31 13.75 25.13 1.74 -1.10 0.16 0.18 202 97 
32 7.38 15.13 0.91 -0.71 0.06 0.06 110 29 
33 15.63 33.00 1.72 -1045 0.25 0.22 236 149 
34 9.88 18.13 1.33 -0.95 0.14 0.11 81 19 
35 11.13 16.75 1.44 -0.79 0.09 0.08 141 21 
36 17.13 34.13 1.89 -1.74 0.27 0.23 213 134 
37 10.13 22.00 1.34 -0.76 0.09 0.09 91 17 
38 8.38 14.63 0.81 -1.03 0.10 0.10 91 55 
39 14.00 18.88 1.27 -0.73 0.11 0.10 166 50 
40 7.38 14.88 1.01 -0.59 0.06 0.04 109 33 
mean 11.53 21.81 1.49 -1.15 0.14 0.13 156 65 
s.d. 3.33 6.97 0.43 0.48 0.07 0.07 57 37 
XVII 
Table A4-2: Summary o/hydrodynamics and suspended sediment concentrations during uprushes 
(subscript u) and backwashes (subscript b) at Perranporth during tide PO]b showing: duration 
(D), cross-shore water velocity (u), water depth (h) and suspended sediment concentration (C) 
durinz uprushes (subscript u) and backwashes (subscript b). The caret symbol denotes peak. 
Event D, Db U, Ub h, hb C, Cb 
(s) (s) (m.f ) (m S'f) (m) (m) (kg m") (kg m") 
1 5.63 8.38 1.33 -0.87 0.06 0.06 58 20 
2 5.88 11.00 1.52 -1.42 0.06 0.06 55 52 
3 7.00 13.25 1.64 -1.55 0.09 0.09 115 45 
4 7.38 16.50 1.48 -1.19 0.10 0.10 82 57 
5 7.13 14.88 1.55 -1.32 0.10 0.10 82 90 
6 4.25 11.00 1.28 -0.77 0.05 0.05 71 58 
7 6.38 9.50 1.28 -0.93 0.07 0.06 75 53 
8 6.63 17.88 1.54 -1.59 0.10 0.10 156 82 
9 8.63 17.25 1.84 -2.46 0.17 0.16 147 130 
10 8.63 18.88 2.44 -0.98 0.22 0.23 151 215 
11 5.25 14.25 1.68 -1.64 0.09 0.09 106 104 
12 6.50 10.00 0.98 -0.63 0.09 0.09 101 66 
13 13.13 18.38 2.14 -2.21 0.31 0.29 117 72 
14 7.00 8.75 1.66 -1.67 0.10 0.07 57 40 
15 8.00 8.75 1.60 -1.08 0.15 0.15 146 48 
16 7.00 10.88 1.50 -0.70 0.09 0.12 49 14 
17 6.75 13.13 1.66 -1.58 0.13 0.13 101 45 
18 7.63 14.25 2.46 -2.20 0.13 0.13 145 46 
19 11.50 15.50 1.90 -1.61 0.22 0.20 177 58 
20 8.00 18.75 2.04 -1.51 0.19 0.15 169 98 
21 0.88 10.38 0.71 -0.58 0.04 0.05 125 104 
22 8.38 14.38 1.83 -0.88 0.13 0.17 149 27 
23 5.50 9.88 1.61 -1.32 0.10 0.10 183 57 
24 8.13 12.38 0.78 -1.15 0.13 0.13 58 45 
25 5.88 11.13 0.81 -1.43 0.12 0.08 92 30 
26 7.25 11.75 1.27 -1.02 0.16 0.13 234 44 
27 5.50 8.63 0.74 -0.80 0.07 0.07 84 38 
28 11.63 14.88 1.58 -1.17 0.24 0.26 139 44 
29 8.75 13.50 1.38 -1.53 0.16 0.14 147 50 
30 7.25 14.13 1.32 -1.56 0.17 0.12 207 52 
31 6.00 9.63 1.38 -1.27 0.08 0.08 54 27 
32 6.13 12.00 1.35 -1.29 0.11 0.11 105 44 
33 5.63 12.38 1.29 -0.79 0.09 0.11 159 55 
34 7.00 0.38 1.81 -0.11 0.12 0.10 135 10 
35 12.38 16.00 0.84 -1.18 0.21 0.20 59 41 
36 6.25 13.88 1.29 -0.98 0.12 0.11 224 122 
37 10.25 18.25 1.25 -1.46 0.20 0.19 184 95 
38 6.88 19.25 0.89 -1.33 0.16 0.12 75 113 
39 7.25 21.75 2.01 -1.71 0.16 0.14 217 165 
40 7.88 24.38 1.34 -2.41 0.19 0.15 191 141 
41 10.88 19.50 1.33 -1.33 0.26 0.28 172 158 
42 5.13 10.13 0.87 -1.25 0.10 0.07 129 18 
43 8.88 17.38 2.21 -2.19 0.19 0.15 196 95 
44 5.63 11.00 1.63 -1.13 0.10 0.08 66 55 
45 7.00 9.63 1.39 -0.78 0.12 0.12 230 46 
XVIII 
46 7.50 12.25 1.42 -0.90 0.11 0.10 171 46 
47 6.50 14.50 1.34 -1.12 0.13 0.10 182 96 
48 6.00 6.75 0.93 -1.07 0.06 0.05 61 8 
mean 7.30 13.36 1.46 -1.28 0.13 0.12 129 67 
s.d. 2.15 4.32 0.42 0.48 0.06 0.06 54 43 
Table A4-3: Summary of hydrodynamics and suspended sediment concentrations during uprushes 
(subscript u) and backwashes (subscript b) at Perranporth during tide POlo showing: duration 
(D), cross-shore water velocity (u), water depth (h) and suspended sediment concentration (C) 
during uprushes (subscript u) and backwashes (subscript b). The caret symbol denotes peak. 
Event D, Db U, Ub h, hb C, Cb 
(s) (s) (m s') (ms') (m) (m) (kg m·3) (kg m·3) 
1 6.75 15.75 1.79 -1.27 0.08 0.09 136 65 
2 3.75 9.50 1.16 -0.56 0.03 0.06 0 17 
3 7.63 13.38 1.32 -1.26 0.08 0.08 61 28 
4 5.88 12.00 1.64 -1.53 0.09 0.07 68 30 
5 5.75 13.25 2.02 -0.92 0.06 0.07 90 38 
6 5.88 14.63 1.18 -1.16 0.05 0.06 23 40 
7 5.38 9.25 1.02 -0.73 0.05 0.05 13 17 
8 5.75 14.50 1.58 -1.95 0.07 0.10 30 87 
9 6.00 15.25 2.16 -1.29 0.07 0.07 161 38 
10 7.50 11.63 1.16 -0.84 0.13 0.10 106 48 
11 8.00 20.88 1.78 -1.28 0.13 0.13 69 35 
12 7.63 12.75 1.83 -1.04 0.09 0.09 96 66 
13 8.75 17.50 1.75 -1.95 0.15 0.15 114 53 
14 7.13 14.13 1.72 -1.83 0.11 0.12 104 66 
15 6.75 10.25 1.62 -2.37 0.09 0.09 78 43 
16 6.00 9.00 1.82 -0.71 0.07 0.06 136 26 
17 8.88 19.63 2.18 -3.80 0.19 0.18 144 128 
18 6.50 16.13 1.67 -1.42 0.10 0.09 46 59 
19 6.00 12.75 1.68 -1.12 0.08 0.07 52 57 
20 7.13 21.88 1.18 -1.50 0.15 0.14 166 67 
21 7.50 19.88 1.57 -1.42 0.16 0.15 100 57 
22 4.63 12.63 1.18 -0.84 0.07 0.07 30 16 
23 7.13 13.63 1.29 -0.95 0.09 0.08 43 33 
24 9.88 22.75 2.36 -2.76 0.23 0.21 236 105 
25 4.88 8.75 1.16 -1.00 0.06 0.07 23 36 
26 6.63 9.50 1.36 -1.19 0.06 0.06 36 29 
27 7.88 11.38 1.90 -0.86 0.11 0.07 66 16 
28 6.38 12.13 0.88 -1.53 0.07 0.11 39 35 
29 8.88 12.50 1.35 -1.14 0.13 0.08 75 29 
30 7.63 13.75 1.74 -1.52 0.09 0.19 67 54 
31 7.50 17.75 2.00 -0.90 0.20 0.10 126 66 
32 7.38 11.13 1.81 -0.81 0.09 0.06 85 33 
33 6.00 11.88 1.30 -1.02 0.07 0.05 11 24 
mean 6.83 13.99 1.58 -1.35 0.10 0.10 80 47 
s.d. 1.31 3.79 0.37 0.65 0.05 0.04 53 25 
XIX 
Table A4-4: Summary of hydrodynamics and suspended sediment concentrations during uprushes 
(subscript u) and backwashes (subscript b) at Sennen during tide S02" showing: duration (D), 
cross-shore water velocity (u), water depth (h) and suspended sediment concentration (C) during 
uprushes (subscript u) and backwashes (subscript b). The caret symbol denotes peak. 
Event Du Db Uu Ub hu hb Cu Cb 
(s) (s) (ms') (ms') (m) (n>l (kg m·') (kg m·') 
1 3.13 4.88 1.98 -2.64 0.14 0.13 164 141 
2 2.75 4.13 1.04 -2.72 0.14 0.14 62 89 
3 3.63 5.38 2.01 -2.28 0.25 0.24 251 74 
4 3.25 4.50 1.79 -2.41 0.22 0.21 204 83 
5 3.25 5.50 2.18 -1.96 0.22 0.22 242 71 
6 1.88 4.50 0.91 -1.92 0.10 0.12 70 89 
7 2.88 3.75 1.52 -1.50 0.15 0.15 139 70 
8 2.50 4.63 1.55 -1.91 0.14 0.13 86 124 
9 2.75 3.75 1.20 -1.43 0.14 0.14 100 49 
10 4.00 7.38 1.98 -2.17 0.26 0.25 246 91 
11 3.13 3.88 1.22 -0.98 0.14 0.14 103 96 
12 3.50 5.25 1.43 ·1.36 0.18 0.17 227 78 
13 2.88 4.38 1.25 -1.57 0.14 0.14 72 79 
14 4.00 9.13 1.70 -1.76 0.23 0.22 250 lIO 
15 4.13 4.75 1.62 -1.84 0.18 0.19 175 125 
16 3.38 4.63 1.60 -1.44 0.16 0.16 123 62 
17 3.88 7.13 1.22 -2.07 0.24 0.24 234 144 
18 5.38 7.75 1.68 -1.88 0.34 0.33 239 163 
19 3.38 4.88 1.39 -2.16 0.18 0.18 217 138 
20 4.25 7.88 2.00 -1.91 0.32 0.29 229 122 
21 4.00 8.38 2.23 -2.31 0.30 0.26 245 101 
22 3.63 5.88 1.37 -1.59 0.21 0.21 228 158 
23 3.38 5.25 1.56 -0.86 0.23 0.20 250 172 
24 4.88 9.38 1.80 -2.08 0.37 0.32 233 158 
25 4.63 4.75 1.36 -1.39 0.28 0.28 240 162 
26 4.50 8.63 0.91 -1.53 0.39 0.39 237 245 
27 5.25 14.25 1.82 -2.37 0.56 0.55 248 157 
28 4.25 7.63 1.87 -2.33 0.36 0.33 203 65 
29 4.63 7.38 1.66 -2.10 0.31 0.30 246 81 
30 4.00 7.88 1.06 -1.61 0.28 0.25 244 143 
31 4.75 8.25 1.24 -1.50 0.34 0.33 233 220 
32 3.38 8.25 1.38 -1.50 0.27 0.27 243 247 
33 5.25 10.13 1.99 -2.27 0.47 0.44 236 158 
34 2.88 8.25 0.90 -1.52 0.41 0.39 228 238 
35 3.50 5.63 1.04 -1.20 0.18 0.18 247 223 
36 4.75 5.88 1.23 -1.67 0.26 0.22 246 144 
37 2.88 5.38 0.94 -1.47 0.18 0.17 235 105 
38 2.75 5.00 1.16 -1.59 0.16 0.16 220 128 
mean 3.71 6.42 1.49 -1.81 0.25 0.24 202 129 
s.d. 0.85 2.22 0.38 0.44 0.10 0.10 61 54 
xx 
Table A4-5: Summary o/hydrodynamics and suspended sediment concentrations during uprushes 
(subscript u) and backwashes (subscript b) at Sennen during tide sol' showing the duration (D), 
cross-shore water velocity (u), water depth (h) and suspended sediment concentration (C) during 
uprushes (subscript u) and backwashes (subscript bl. The caret symbol denotes peak. 
Event D, fs) Uu ub h, hb Cu Cb (8) (m 8,1) (m Si) (m) (m) (kg m") (kg m") 
1 2.88 6.50 2.59 -3.72 0.67 0.37 195 182 
2 3.63 5.75 2.20 -3.94 0.49 0.42 213 90 
3 3.13 5.88 2.08 -4.13 0.47 0.44 185 53 
4 4.00 4.88 2.47 -2.52 0.49 0.38 130 105 
5 3.88 6.00 3.04 -3.57 0.32 0.32 230 113 
6 3.25 6.00 2.19 -3.05 0.45 0.37 213 85 
7 4.50 5.63 3.15 -3.55 0.40 0.35 166 59 
8 3.63 5.13 2.34 -2.07 0.35 0.35 161 29 
9 4.38 4.00 3.58 -2.55 0.34 0.31 172 46 
10 4.13 4.38 3.20 -2.67 0.45 0.36 163 33 
11 5.13 4.50 3.64 -2.07 0.42 0.40 194 37 
12 4.00 4.13 2.75 -2.30 0.24 0.23 154 76 
13 5.38 3.38 2.51 -2.58 0.46 0.37 196 51 
14 4.50 4.50 2.02 -1.50 0040 0.38 165 32 
15 3.13 5.75 2.40 -2.93 0.46 0.42 224 175 
16 3.75 2.88 2.56 -1.84 0.31 0.21 183 118 
17 4.00 5.38 2.44 -2.21 0.49 0.48 199 62 
18 4.50 4.75 3.08 -2.29 0048 0.42 175 92 
19 4.13 3.88 2.79 -2.18 0.41 0.38 178 14 
20 4.25 4.88 3.19 -4.16 0.46 0.34 202 49 
21 4.63 3.13 2.41 -2.49 0.37 0.29 207 25 
22 3.25 4.00 3.50 -2.64 0.32 0.30 178 109 
23 3.75 3.50 2.75 -2.32 0.37 0.33 212 64 
24 3.25 3.38 2.92 -2.11 0.33 0.30 200 III 
25 3.25 2.88 2.62 -2.78 0.21 0.21 56 26 
26 4.25 4.50 2.82 -3.06 0.48 0.41 184 70 
27 3.88 3.88 2.29 -1.63 0.37 0.32 200 31 
28 4.63 4.13 3.40 -2.53 0.43 0.39 124 66 
29 3.88 3.38 1.85 -2.27 0.34 0.34 183 43 
30 3.38 3.88 2.22 -3.85 0.35 0.29 198 79 
31 4.00 2.75 2.90 -1.60 0.32 0.20 208 42 
32 4.13 3.63 4.29 -2.34 0.39 0.37 206 11 
33 3.13 4.13 2.36 -1.62 0.45 0.39 186 17 
34 4.00 4.00 2.52 -1.92 0.28 0.32 151 22 
35 2.50 3.50 1.78 -2.65 0.28 0.26 147 71 
36 3.88 3.50 2.82 -1.76 0.44 0.37 135 45 
37 3.13 3.88 2.42 -2.67 0.44 0.44 181 47 
38 2.63 3.50 2.22 -2.57 0.26 0.26 127 119 
39 4.38 5.25 2.55 -2.49 0.44 0.45 165 28 
40 3.25 2.88 3.15 -2.26 0.24 0.20 134 15 
41 3.63 3.00 2.93 -2.53 0.30 0.28 157 23 
42 3.13 4.38 1.95 -1.74 0.29 0.28 183 53 
43 4.63 4.25 2.88 -2.89 0.40 0.36 201 51 
44 4.25 4.50 1.84 -2.52 0.51 0.45 190 27 
45 4.50 3.63 2.69 -1.79 0.36 0.30 179 26 
XXI 
46 3.38 4.00 1.58 -2.30 0.36 0.34 192 50 
47 4.50 3.00 3.46 -2.37 0.42 0.31 199 32 
48 4.88 4.00 2.09 -2.39 0.34 0.35 177 34 
49 4.38 6.00 1.54 -2.81 0.37 0.31 207 214 
50 4.00 3.00 2.79 -2.01 0.23 0.21 210 31 
51 3.75 4.25 2.34 -2.42 0.44 0.40 210 54 
52 3.88 4.38 2.49 -2.33 0.38 0.33 160 23 
53 3.50 3.25 2.40 -2.06 0.21 0.21 173 94 
54 3.00 5.00 2.15 -3.91 0.33 0.34 213 226 
55 3.38 3.38 1.88 -1.83 0.21 0.21 206 87 
56 4.63 4.13 2.86 -2.77 0.43 0.40 191 103 
57 4.00 3.50 2.21 -2.16 0.30 0.25 202 49 
58 3.00 3.75 1.65 -2.66 0.18 0.18 197 42 
59 4.88 4.13 2.75 -2.74 0.35 0.25 222 35 
60 4.38 4.63 2.63 -3.44 0.33 0.22 224 43 
61 4.38 3.75 2.28 -2.45 0.48 0.30 191 119 
62 4.25 3.75 2.60 -2.31 0.39 0.32 219 19 
63 4.25 3.13 2.14 -1.87 0.25 0.25 184 18 
64 3.00 4.13 2.07 -1.86 0.23 0.21 138 63 
65 3.75 5.00 2.13 -1.96 0.46 0.42 157 87 
66 3.38 3.63 2.45 -2.02 0.34 0.27 198 75 
67 4.38 4.13 2.78 -2.64 0.47 0.44 196 43 
68 3.00 5.13 2.68 -2.86 0.42 0.30 201 114 
69 3.88 5.13 2.02 -3.32 0.35 0.29 229 48 
70 3.88 6.63 2.76 -2.63 0.42 0.38 197 88 
71 4.38 3.38 2.37 -2.60 0.37 0.26 198 83 
72 2.75 3.75 2.15 -2.84 0.19 0.21 183 26 
73 3.50 3.75 2.81 -2.51 0.23 0.22 186 101 
74 3.75 3.38 1.69 -2.16 0.31 0.21 219 23 
75 3.88 4.00 2.67 -2.43 0.26 0.25 227 138 
76 4.38 4.38 2.55 -2.59 0.39 0.29 240 42 
77 4.25 4.50 2.78 -3.33 0.31 0.25 227 29 
78 3.75 4.38 1.84 -2.37 0.33 0.30 188 58 
79 3.75 4.63 1.79 -2.66 0.34 0.26 213 58 
80 2.75 2.63 1.74 -2.96 0.15 0.15 205 36 
81 3.00 3.25 1.57 -2.14 0.26 0.25 217 64 
82 2.88 3.13 2.36 -2.52 0.23 0.21 194 33 
83 3.00 4.63 1.78 -2.27 0.32 0.30 212 159 
84 3.50 4.13 1.82 -2.52 0.21 0.20 221 48 
85 4.13 4.75 2.37 -2.60 0.37 0.27 228 121 
86 4.25 5.00 2.29 -3.51 0.38 0.36 251 157 
87 3.25 4.13 1.64 -2.44 0.21 0.20 221 57 
88 4.63 3.50 2.33 -2.39 0.35 0.26 223 42 
89 3.13 3.63 1.68 -3.28 0.17 0.16 207 40 
90 4.25 4.63 2.05 -2.67 0.27 0.25 236 99 
91 4.38 4.75 2.60 -3.42 0.36 0.32 218 79 
92 4.00 4.25 2.71 -2.92 0.31 0.29 209 81 
93 3.25 3.50 1.86 -2.04 0.30 0.26 217 27 
94 3.63 4.63 2.67 -2.32 0.44 0.41 195 26 
95 3.13 3.88 2.87 -2.38 0.26 0.27 192 18 
XXII 
96 3.50 2.63 2.01 -1.94 0.31 0.22 206 53 
97 3.75 3.88 2.35 -2.46 0.21 0.19 231 36 
98 4.38 4.50 3.21 -3.13 0.35 0.30 232 90 
99 3.88 3.75 1.71 -2.36 0.43 0.34 219 28 
100 4.25 3.63 2.23 -2.24 0.32 0.28 184 21 
101 2.63 2.88 1.69 -1.73 0.15 0.16 141 28 
102 2.88 3.13 2.02 -3.28 0.18 0.18 121 133 
103 3.75 3.75 1.30 -2.38 0.24 0.21 183 93 
104 3.25 6.00 1.84 -2.84 0.27 0.26 240 105 
105 5.25 7.00 2.21 -3.11 0.56 0.40 213 113 
106 3.75 4.38 2.33 -2.48 0.17 0.18 223 43 
107 4.13 4.38 1.95 -3.10 0.22 0.21 198 144 
108 3.13 2.75 1.33 -1.88 0.16 0.14 182 29 
109 3.38 3.88 2.32 -1.56 0.21 0.20 205 22 
110 3.38 4.00 2.03 -2.26 0.23 0.23 188 34 
111 3.75 4.50 2.06 -2.57 0.22 0.21 218 135 
112 3.75 5.63 2.48 -3.59 0.26 0.25 220 130 
113 4.50 3.50 1.86 -3.55 0.23 0.19 228 59 
114 3.88 4.38 1.87 -2.91 0.22 0.19 243 76 
115 3.63 5.63 2.07 -2.61 0.21 0.19 236 161 
116 4.00 7.25 2.16 -2.76 0.30 0.25 241 247 
117 4.88 6.63 2.58 -3.02 0.46 0.35 231 100 
118 3.75 3.13 1.39 -2.04 0.22 0.16 174 77 
119 3.88 5.50 2.52 -2.66 0.25 0.21 242 80 
120 3.75 4.88 1.99 -2.93 0.27 0.24 243 48 
121 3.25 3.00 2.05 -1.90 0.17 0.16 179 22 
122 2.88 2.38 2.16 -1.75 0.11 0.10 174 23 
123 3.38 6.00 2.48 -2.67 0.24 0.23 211 88 
124 3.88 6.25 2.51 -2.91 0.27 0.29 218 99 
125 3.38 4.75 1.85 -2.64 0.20 0.16 222 40 
126 4.13 5.88 2.51 -3.09 0.25 0.24 227 96 
127 3.50 3.13 1.69 -2.52 0.13 0.13 121 46 
128 4.63 6.25 2.58 -3.59 0.28 0.24 239 136 
129 3.75 5.25 1.82 -2.59 0.22 0.18 257 194 
130 4.38 4.13 2.23 -2.55 0.19 0.19 241 153 
131 4.25 4.88 2.23 -2.43 0.22 0.19 239 255 
132 3.88 4.00 2.24 -2.27 0.19 0.17 236 173 
mean 3.81 4.27 2.36 -2.57 0.32 0.28 197 72 
s.d. 0.59 1.02 0.51 0.56 0.10 0.08 32 51 
XXIII 
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Figure A5-J,' Ensemble-averages of the variation in (a) water depth (h), suspended sediment 
concentration (C) at (b) 3 cm and (c) 6 cm, magnitude of cross-shore water velocity (/uP at 
(d) 3 cm and (e) 6 cm, (f) along-shore water velocity (v) at 3 cm, (g) shear velocity (u*) between 
3 cm and 6 cm above the bed and (h) bed shear stress (-rb) for (i) uprushes and (ii) backwashes at 
Perranporth during tide pol, The dotted lines indicate one standard deviation, 
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Figure A5-2: Ensemble-averages of the variation in (a) water depth (h), suspended sediment 
concentration (C) at (b) 3 cm and (c) 6 cm, magnitude of cross-shore water velocity (/up at 
(d) 3 cm and (e) 6 cm, (f) along-shore water velocity (v) at 3 cm, (g) shear velocity (u*) between 
3 cm and 6 cm above the bed and (h) bed shear stress (Tb) for (i) uprushes and (ii) backwashes at 
Perranporth during tide por. The dotted lines indicate one standard deviation. 
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Figure A5-3: Ensemble-averages of the variation in (a) water depth (h), suspended sediment 
concentration (C) at (b) 3 cm and (c) 6 cm, magnitude of cross-shore water velocity (/uP at 
(d) 3 cm and (e) 6 cm, (f) along-shore water velocity (v) at 3 cm, (g) shear velocity (u*) between 
3 cm and 6 cm above the bed and (h) bed shear stress ('Cb) for (i) uprushes and (ii) bacA-washes at 
Sennen during tide S02a• The dotted lines indicate one standard deviation. 
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